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CHAPTER 1

INTRODUCTION

Channd modification or channdlization activities are listed among the top 10 sourcesfor non-point
pollution impacts to rivers (U.S. Environmenta Protection Agency (EPA), 1993). Activities such as
graightening, widening, degpening, and clearing channdls of debris generaly fdl into this category. These
activities can severdy impact maor river projects such as navigation and flood control, aswell as dter or
reduce the diversity of in-stream and riparian habitats.

River sysems maintain stability by providing just the necessary flow to trangport the available water
and sediment. When this balance of water and sediment transport discharge is upset by channdization
projects, the system will adjust by increasing or decreasing erosion from the channel bed or river banks.
Thisisacomplex interaction that involvesthe entire watershed and river syssem. Therefore, asystem-wide
approach must be taken to analyze these impacts and develop remedia measures. Because of the
complexity of channe response to modifications, channd rehabilitation efforts must include many different
disciplines such as biology, engineering, geomorphology, geology, and hydrology.

A smple, rigid gpproach to addressing channe rehabilitation projectsis not available. There are
too many variablesthat must be addressed for aone-sze-fits-al approach to channel modification activities.
Because different river sysems vary in geology, climate, ecology, hydrology, and hydraulics, methods
utilized in one location may not be gpplicable to another location. A generdized systematic approach to
addressing channel rehabilitation is needed to address the large variety of projects that may range from
localized erosion problems that can be addressed using a smple reference reach methodology, to severe
basin-wide problems that require a concentrated anadysis and design effort. At this time there are no
published, definitive guidance or criteria for designing a channel rehabilitation project. This manud
provides the methodology and procedures for initiating, planning, evauating, andyzing, and ultimately
designing a channd rehabilitation project.

1.1 PURPOSE

At firgt glance, the impact of channel modification activities may seem to be confined to specific
resches of theriver. It may seem logicd that post-channel modification impacts such as
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locdlized erosion or aggradation of sediment in specific locations can be quickly remedied and the problem
will go away. Before this assumption can be made, it is wise to consider the impact on the entire system
through comprehensive evaduation and anadyss. Thismanua will provide generd guidancefor sysem-wide
channe rehabilitation by introducing basic fundamentals of geomorphology and channel processes, aong
withfundamenta engineering design methodsfor performing background evauations, conducting field deta
investigations, eva uating channd gability, and producing stable channel designs.

1.2 SCOPE

Congderable information has been published on methods to stabilize channds and banks. The
intent of thismanud isto provide asystematic basin-wide gpproach to channd rehabilitation, with emphas's
on the basic information and procedures needed to perform an analysis and preliminary design of the
channd rehabilitation project. Specific dternative designsfor structures, and bank stabilization techniques
are not presented. References are provided in the text to give the reader a source of information for
detailed design. The project design process presented herein represents an attempt to providethe user with
guidance for addressing the impacts of channel modification projects.



CHAPTER 2

THE PROCESS

The diversity of channd rehabilitation projects precludes the acceptable use of arigid blueprint
approach to rehabilitation design. Methods utilized in one ecologicd, hydrological, or geologicd seiting
may not apply to another location. Different goas may require entirdy different designs for the same
setting.  The intent of this chapter is to provide four flowcharts that have been found useful in thinking
through the process of channd rehabilitation design.

The digtinction between rehabilitation and restoration may be inggnificant, depending on exigting
conditions. Rehakilitation may be defined as maximizing the potential beneficia uses of resources, to some
reasonable and practicad level. Restoration is defined as bringing a resource back to some former
condition. For this manud, rehabilitationisused in abroad sense that encompasses al aspects of channel
modification to achieve some desired improvement god, whether for complete channel restoration, flood
control, navigation, water supply, channd stability, sediment control, or some other beneficid use.
Regardless of the god's of the rehabilitation project, the basic fundamentas of planning activities must be
followed. A typical planning process was outlined by Jensen and Platts (1990) in the following generd
steps:

1. Prdiminary planning to establish the scope, gods, preliminary objectives, and genera gpproach
for retoration;

2. Basdine assessments and inventories of project location to assessthe feasibility of preliminary
objectives, to refine the gpproach to restoration, and to provide for the project design;

3. Dedign of regtoration projects to reflect objectives and limitations inherent to the project
location;

4. Evduationof congtructiontoidentify, correct, or accommodate for incons stencieswith project
design; and

5. Monitoring of parameters important for assessing goa's and objectives of restoration.
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Based on these guiddines, a sysemétic gpproach to initiating, planning, andyzing, implementing,
and monitoring of channe rehabilitation projects is presented in the following sections.  Although
implementation, which includes detail engineering design, congtruction, and ingpection, isbriefly presented
inthese guidelines; detail design isbeyond the scope of thismanua. Construction and ingpection guiddines
are usudly specific to the agency funding the congtruction and are not embodied in this manud.

Four flowcharts are presented to introduce the generdized methodology of channel rehabilitation,
andyss, the sysems gpproach, and for preiminary design. Theintent of theflowchartsisto lead the reader
through the process of project initiation, analys's, and design, and in the following Chapters 3 through 6 the
intent isto provide the reader with a discussion of the methods to be used.

21 THE GENERALIZED PROCESS

The generdized flowchart for channel rehabilitation desgnispresented in Figure 2.1. Theflowchart
describes the complete flowchart from initiation to monitoring of thefina congructed project. Stepsinthe
generdized flowchart are discussed in the following sections, and, in some cases, separate steps are
expanded to autonomous flowcharts.

211 INITIATION

The initiation of the project must include organization of a team, problem identification, and
establishment of goals. The team members must comprise a group who is knowledgesble of the potentia
beneficid uses of the dite, and of the techniques and costs associated with rehabilitation. For example,
biologists, geomorphologists, engineers, recregtion specidists, and representatives of the adjacent
landowners and the community aretypica of team members required for achannel rehabilitation planning
team.

The number of team members should be as small asreasonably possible, which can be expanded
asaviable project isidentified and congderation of additiond factorsis necessary. For exampletheinitia
teammay be very technicdly oriented in geology, biology, and engineering. Aseconomic and socid factors
become relevant, additional members of the community and local government are essential.

Problemidentificationisan essentid sepintheinitiation phase. Identification of theinterrdationship
of the problemsis an essentid feeture of a system andysis methodology. By understanding the complete
watershed, reliable solutions can beidentified. Typicaly, watersheds have thefollowing types of problems:

a. Upland watershed eroson;
b. Channd incison and bank ingability;
C. Agricultura and urban flooding;
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INITIATION

PLANNING

ANALYSIS

IMPLEMENTATION

DETAIL ENGINEERING DESIGN

CONSTRUCTION INSPECTION

MONITORING

Figure 2.1 Generdized Process for Channd Rehabilitation Design
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d. Sedimentation of agriculturd land, wetlands, and reservairs,
e. Damageto stream-related infrastructure; and
f. Dedruction of riparian habitat.

Probably the most certain path to an unsuccessful project isto fall to set aclear understanding of
the gods of the project. Godl's provide the measure of success, and without unambiguous, measurable
goals the project cannot succeed.

2.1.2 PLANNING

Panning of the rehabilitation process, the second mgor element of Figure 2.1, requires the
definition of the project in terms of the Sze of the project, the time required for planning, design, and
congtruction, and in terms of fisca limits of the proposed project. If thefisca limits are too confining, no
project may be possible, or the gods of the project may be minimized to achieve only a limited god.
Community input and review should seek to ascertain additiona gods, concerns, and resources. The
planning process is the subject of many texts and papers, and it isnot the intent of this manua to cover this
subject in detail. Suggested readings are Restoration of Aquatic Ecosystems (Nationd Academy of
Sciences, 1992), Water Resour ces Planning (Grigg, 1985), and How to Save a River, A Handbook for
Citizen Action (Bolling, 1994). The primary purpose of the planning process for the subjects addressed
in thismanud isto have definite, identified goa's before the project design begins.

213 ANALYSS

Andyssisthethird mgor dement of Figure 2.1. Andyssto support channd rehabilitation projects
involves. 1) evauation of aternativesto reach project gods, 2) a systematic approach to assimilation of
the data and information necessary to make informed design decisions, and 3) the preiminary design
process. Figure 2.2 presents the analysis gpproach as a sub-element of Figure 2.1, and Figure 2.2 will
be discussed in Section 2.2.

214 IMPLEMENTATION

The next sep in theflowchart istheimplementation of the project (Figure 2.1). Themgor eements
included in implementation are detail engineering design, congtruction, and ingpection. Detall engineering
designwould include, for example, computations of riprap Sze, structural design of drop structures, desgn
of sfety features, or other specific detals requiring engineering design and construction drawings.
Congtruction and ingpection are not included in this manud, and are generdly included in standard
guidelines provided by the agency funding the project.
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215 MONITORING

Monitoring of stream rehabilitation measures is essentid for establishing requirements for
maintenance and repair of features, for establishing performance of the measures, and for providing an
essentia feedback loop to planning and design of future projects. For example, if habitat enhancement is
agoa of the project, sampling of the biotais the only true measure of success. In addition, constructed
features should be monitored to determine if the features are performing as expected. Mgor watershed
and dream rehabilitation projects may require severa years to condruct, and monitoring of the earlier
congtructed portions of the project can be directly relaed to improvements in the later portions of the
project.

22 THE ANALYSSPROCESS

The andydis process, as shown in Figure 2.2, requires project gods to be defined prior to the
process. Three key dementsin the analysis process are:

a. toevduate the potentia dternatives that may satisfy project godls,

b. to implement a sysems approach that encourages the development of a thorough
understanding of the watershed physical processes; and

C. todeveop apreiminary design that satisfies project gods.

221 GOALS

The godsdevel oped for the project in planning dictate the progress of the rehabilitation desgn and
the dternatives which need to be evaduated to achieve the selected gods. Gods that may be selected
indude reduction in downstream sediment delivery, channe stabilization to reduce eroson and to provide
better riparian habitat, flood control, or others.

222 EVALUATION OF POTENTIAL ALTERNATIVES

To satisfy project gods, dternatives should be consdered early in the process. Thesedternatives
may include structurd designsto mitigete erosion or enhance sability, changesin operationd methodsaong
the stream, or land use. For example, dternatives to provide flood control usualy can be described as
convey, control, or confine, i.e., include improved flood conveyance by increase channd sze or dope,
control of flood discharge by reservoirs upstream or land use change, or confining theflood by using levees.
Chapter 3 discusses the geomorphic and engineering principles that should be consdered in evauating
dternatives.

Chapter 4 of this manud presents a summary of channd modification activities which generdly
indude the effects of the above described conditions. These activities fall under the general project
categories of flood control, drainage, navigation, sediment contral, infrastructure protection, channel bank
gability, and flow control. Channe modification activities such as channel
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cleanout, snagging and clearing, channel enlargement, channel redignment, dredging, diversons, and dams
are presented. For each activity, the hydraulic effects and environmental impacts are discussed, dong with
suggested remedia practices and project operations and maintenance procedures.

GOALS
(Goals are formulated in PLANNING)

EVALUATE POTENTIAL ALTERNATIVES THAT MAY SATISFY GOALS

SYSTEMS APPROACH

PRELIMINARY
DESIGN

Figure2.2 The Anayss Processfor Channd Rehahilitation
Design
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223 SYSTEMSAPPROACH

The systems gpproach, a sub-element of Figure 2.2, provides an approach to evauating channel
and watershed processesin preparation for preliminary design of the project. A systems gpproach must
be used to identify and solve interrelated problems of awatershed. For this approach, no single reach of
the system can be viewed as an isolated syslem. Solutions to problems must be gpproached in an
integrated fashion. The systems approach provides a process-based framework to define watershed
dynamics and to develop composite solutions.  Understanding the physical process occurring in the
watershed is the only rationa basisfor developing along-term solution.

The systems gpproach describesthe quditative and quantitative methods for background and field
investigations that are critica to approaching channd rehabilitation design. This approach was developed
because watersheds have a number of interrelated problems that require an integrated solution.
Deveopment of this approach provides a process-based framework to define watershed and channel
dynamics and to develop integrated solutions. An understanding of the system dynamics is essentid to
assess the consequences of a proposed rehabilitation project.

224 PRELIMINARY DESIGN

At this point in the Analyss flowchart (Figure 2.2), goas have been established, potential
dternatives have been cons dered and athorough understanding of the physical processesin thewatershed
has been developed. Next in the channd rehabilitation design sequence is the preliminary design. The
primary god of the preiminary design section is the computation of a stable channel morphology and
development of a preliminary design to meet project gods. The preiminary design phase takes the data
and information generated from the initiation, planning, background investigations, fidd investigations, and
computational methodologies, and initiates the design process. The preliminary design process will
ultimately resolve the question:  Are project goas met?

225 SUMMARY OF THE ANALYSISCHART
The three steps of the analysis process are:
1. evauate dternatives to achieve the project gods,
2. develop athorough understanding of the watershed in the sysems analyss; and

3. develop the preiminary design of the project.

Theresults of the Analysis process progresses to | mplementation, which includes engineering design, plans
and specifications, congtruction and ingpection, and monitoring.
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23  SYSTEMSAPPROACH

The systems gpproach flowchart, a primary component of the analys's process, is presented in
Figure 2.3 and isexplained in Chapter 5 of thismanua. The central components of the systems approach
include background investigations, field investigations, and stable channel design methodologies.

Scope and Goals are Defined

5.1 Background Investigations
Geology and Geomorphology
Ecology
Sediment Characteristics
Hydrology
Channel Forming Discharge
Methods for Assessing Channel Stability
History

5.2 Field Investigations

Qualitative Observations
Channel Geometry Surveys
Biota Surveys

Bed and Bank Materials

5.3 Computational Methods for Channel Design

Integrate with Preliminary Design

Figure 2.3 The Systems Approach

10
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Background investigations include assmilating data and information in areas such as watershed
geology, sediment, geography, hydrology, and historical channd stability. Background investigations
provideahigtorica pergpectiveinwhich past behavior isexamined to provide someindication of thefuture
trendsin channd adjustments.

Geomorphic assessments provide the process-based framework to define past and present
watershed dynamics, devel op integrated solutions, and assess the consequences of remedid actions. This
is an essentia part of the design process, for either loca stabilization trestment or development of a
comprehensive plan for an entire watershed.

Theexisting-condition satus of thewatershed and channdl is determined through field investigetions.
The fidd tasks focus on the study area. Thesetasksinvolve assmilating the necessary field samples, data,
and observationsthat are required to support andysstechniques. Theseinvestigationsprovide aquditative
description of existing channd processes and bank characteristics, as well as quantitative data related to
sediment characteristics (types, gradations, and transport), channd hydraulics, and system stability.

Ultimately, the background and field investigation data are combined with computationa methods
for sable channd design. Theresult of theinitia cyclethrough the sysems approach providesinformation
on channel hydraulics and sediment trangport characteristics, watershed dynamics, and system stability
necessary to begin the preliminary design phase of channd rehabilitation.

24  PRELIMINARY DESIGN

Figure 2.4 describesthe sequence of eventsfor preliminary design. At thisjuncture, theinitid stable
channel design from the systems approach is evaluated against proposed goas. If gods are satisfied by
the exigting condition design, then no further work is required, and the work can proceed to the design of
locdl gtahilization and habitat enhancement features.  If the gods are not satisfied due to system ingtability
or aneed to modify design parametersto meet project godss, an iterative design processisinitiated in which
design parameters such as channe forming discharge and stable channedl dimensions are re-evauated, and
measures for restoring stability such as grade control, bank stabilization, and planform properties are
considered.

The priminary design phase usesthe data, information, findings, and andys stechniques presented
in Chapter 5 to formul ate atable channd design that will meet project gods. Asshownin the preliminary
design process flow chart (Figure 2.4), the process can be limited in scope if it is determined, after
background and field investigations, that the system is stable and project goals can be met without
additiona design efforts. At this point, detailed design procedures can commence. More often than not,
thisisnot the case. If, upon initid investigations, channel ingtabilities are present, or project goas cannot
be accomplished with the existing conditions, apreiminary design process must be undertaken to develop
achannd design which will achieve the desired gods.

11
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DOES SYSTEM INSTABILITY EXIST OR DO PROJECT GOALS REQUIRE
MODIFIED DISCHARGE, SEDIMENT LOAD, PLANFORM, OR CHANNEL GRADE?

COMPUTE NEW CHANNEL FORMING DISCHARGE IF REQUIRED

DETERMINE STABLE CHANNEL DIMENSIONS (WIDTH,
DEPTH, AND SLOPE)

DETERMINE PLANFORM PROPERTIES (SINUOSITY, MEANDER
WAVELENGTH, AND AMPLITUDE, AND RADIUS OF CURVATURE)

NO DOES PRELIMINARY DESIGN MEET PROJECT GOALS?

DESIGN LOCAL BANK STABILIZATION OR HABITAT
FEATURES

Figure 24 Prdliminary Design for Channd Rehabilitation

After the geomorphic assessment is completed, the preliminary design process (Figure 2.4) is
initiated. A critica question is asked based on results from the geomorphic assessment. Does system
ingtability exist or do project goa s require modified discharge, modified sediment yield, modified planform,
or modified channd grade? If theanswer to dl eementsof the question isno, then the project may require
only localized treatments such as local bank stabilization or loca habitat enhancement features. If the
answer to any of the dements of the question is yes, then afour step procedure with a feed back loop is
required (Figure 2.4). The first of these three steps is to compute a new channd forming discharge, if
needed. The second step is to determine stable channel dimensions of width, depth, and dope that meet
project goas of water and sediment conveyance. Empirical and computational methods for determining
gtable channd morphology arediscussed in Sections5.3.2 - 5.3.8 of Chapter 5. Thethird of thefour steps
isto implement the proper dope by determining planform properties of snuosity, meander wavelength,
amplitude, and radius of curvature. The fourth step in this feed back loop Smply asks the question “ does

12
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the plan meet project goals’? If the answer is yes, the process moves to the consideration of local
dabilizationor loca habitat features. If the gods are not met, the process then proceeds back to the first
step in the loop and repests the design process.

It must be recognized that there is no Sngle gpproach that is universally applicableto al projects.
The specific methodology must reflect the project gods, financid and man-power resources, and
environmenta consderaions. For this reason, the design approach discussed herein should not be viewed
as a“cookbook” process, but rather, asalogical strategy that can be adapted to the specific demands of
the project.

In this section, methodologies will be introduced and discussed which follow this generdized
approach. A step-by-step procedure is presented for each methodology which will ingtruct the user on
how to gpproach preiminary design for channd rehabilitation.

241 PRELIMINARY DESIGN METHODOLOGY - DETERMINATION OF SYSTEM
STABILITY

Whenever, a channd rehabilitation project is contemplated, one of the first issues that must be
addressed isthe overall gahility of the channel system being considered. Failure to consider the system
gability frequently resultsin costly channel designs that fail to function properly, both from an engineering
and environmenta perspective. The determination of the stability of the channd system is accomplished
through the geomorphic approach discussed in Chapter 5. If the project gods are smply the stabilization
of locdized ingabilities, or theingalation of localized habitat features, then it isimportant that syssem-wide
channd ingtability does not exidt. If it is determined that system-wide ingtabilities do not exis, then the
design of the local bank stabilization or habitat features can proceed. However, if sysem-wide ingtability
exig, in the form of aggradation, degradation, or plan form changes, then it becomes necessary to first
addressthese sysem ingabilitiesbeforeloca stabilization isconsdered. Likewisg, if the systemiscurrently
indynamic equilibrium, but, if it isanticipated that the project will modify this stability, then amore rigorous
systems andysis must be performed.

242 PRELIMINARY DESIGN METHODOLOGY - COMPUTATION OF CHANNEL
FORMING DISCHARGE

The second gep in the prdiminary design sequence is the determination of the channd forming
discharge. The proceduresfor determining thisvauewere discussed in Chapter 5. If the project goaswill
not sgnificantly modify thewater and sediment yield, then the existing channd forming discharge cal culated
during the geomorphic assessment can be used for the design process. For example, if the objectives of
the rehabilitation project are to smply stabilize the channd grade using low drop grade control structures,
then it may not be necessary to cdculate anew post-project channd forming discharge, Since the effect of
these structures would not be expected to dramaticaly change the water and sediment loads. However,
if the planinvolves more comprehensve features such asflow control, channel enlargement, flow diversons,

13
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or other improvementsthat would significantly alter the post-project water and sediment loads, then it may
be necessary to cdculate a new channe forming discharge. In these ingances, the new channd forming
discharge would have to be cdculated using the effective discharge andyss, or a pecified recurrence
interva flow based on post-project conditions. The use of the bankfull discharge would not be appropriate
in these Stuations, because the bankfull morphology would reflect pre-project morphology, and would not
be correlated with the post-project flows. The new post-project channd forming dischargeisused in the
determination of the stable channe dimensions discussed in the next step.

243 PRELIMINARY DESIGN METHODOLOGY - DETERMINATION OF STABLE
CHANNEL DIMENSIONS

Computation of stable channel dimensions can be accomplished with a number of channd design
methods (Chapter 5, Sections 5.3.2 - 5.3.7). The sdlection of the appropriate method is afunction of a
number of factors such asleve of study (reconnaissance, feasihility, detailed design, etc), funding and time
congraints, complexity of project and stream characteristics, consequences of failure of the design, and
avalable data For ingtance, during early recon studies, it may be agppropriate to utilize some of the less
computationdly intenseempirica methods. However, astheleve of study increases, it might be necessary
to conduct more rigorous analyses usng SAM, HEC-6, or other numerical methods. 1t should aso be
noted that in some Stuations it may not be necessary to caculate dl three varigbles. For example, if the
rehabilitation plan smply callsfor the layout of a series of grade control structuresto stabilize the channd,
then it may only be necessary to caculate a stable dope to be used in spacing the structures.

Thefollowing isabrief summary of the applicability of the various methods discussed in
Sections 5.3.2 through 5.3.7.

Maximum permissible velocity and tractive force. The maximum permissble velodity and
tractive force design methods were discussed in Chapter 5, Sections5.3.2 and 5.3.3. These methodsare
most gpplicableto reconnai ssancelevel sudieswherethe purposeisto quickly assessvarious dternatives.
Neither of these methods specify acomplete design channel design becausethey can be satisfied by various
combinations of width, depth and dope. Additiondly, these two methods are generdly not applicableto
Stuations where a sgnificant bed materia load exids.

Regime and hydraulic geometry. The regime theory of channd design is based on empirica
relationships developed from field data collected from numerous river and cana systems (Chapter 5,
Section 5.34). The USACE regime method (USACE, 1994) recommends using localy or regiondly
developed equations for channd design. If thisisnot available, graphs are provided for estimating width,
depth, and dope of the channd given the channel forming discharge and bed materid description. Aswith
the permissible vel ocity and tractive force methods, the regime gpproach is more suited to reconnai ssance
level sudies, and caution is advised when attempting to use these methodsfor detailed design. The reader
is referred to the limitations discussed in Section 5.3.4.

14
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Indl of the above described channd design methods, channd dimensions are either assumed or
iteratively varied to meet design criteria such as dlowable velocities, tractive force, or regime relations.

Analytical design methods. Asnoted above, the empirical design methods may be appropriate
for reconnaissance level studies, or smal rehabilitation projects. However, if the projects are large scale,
or involve sgnificant bed materid trangport then these methods are not generdly suitable, and it may be
necessary to adopt one of the more rigorous anaytica design procedures discussed in Chapter 5, Section
5.3.5. While these procedures address more fully the dominant processes in the channe system, it must
be recognized that the data requirements are a'so much more intensive.

244 DETERMINE A STABLE CHANNEL MEANDER WAVELENGTH FOR THE
PLANFORM

In some instances, the project goas may require modification of the existing planform. Whenthis
occurs, the meander planform properties must be designed to be compatible with the stable channel
dimensions calculated in the previous step (Section 2.4.3).

The most rdiable hydraulic geometry rationship for meander wavelength iswavelength vs. width.
As with the determination of channel width, preference is given to wavelength predictors from stable
reaches of the existing stream ether in the project reach or in reference reaches. Lacking data from the
exiging stream, generd guidance is available from severd literature sources (e.g. Leopold et al., 1964).
The meander length is computed from the following equation:

wavelength x vdley dope

meander length *
dope

245 PLANFORM LAYOUT USING THE MEANDER WAVELENGTH ASA GUIDE

One way to accomplish thistask isto cut astring to the gppropriate length and lay it out on amap.
Another, more anaytical approach, is to assume a sine-generated curve for the planform shape as
suggested by Langbein and Leopold (1966) and caculate x-y coordinates for the planform. The sine-
generated curve produces avery uniform meander pattern. A combination of the string layout method and
the andytica approach would produce a more naturd looking planform.

Check the design radius of curvature to width ratio, making sureit iswithin the norma range of 1.5
to4.5. If themeander lengthistoo greet, or if the required meander bet width isunavailable, grade control
may be required to reduce the channd dope. In streamsthat are essentidly straight (Snuosity lessthan 1.2)
riffleand pool spacing may be set as a function of channd width. The empirical guide of 6-10 channdl
widths applies here, with the lower end for stegper channels and the higher end for flatter channels. Two
timesthis riffle gpacing gives the tota channd length through one meander pettern.
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At this point, a word of caution is needed about re-establishing meanders in a previoudy
graightened reach. While this generaly a commendable god, and one that may be achievable in certain
circumgstances, it isusudly not as smple asis often purported, particularly in large scale projects, or where
severe system ingtability exists or has existed in the past. For this reason, it is important to consder the
gability of the reaches immediately upstream and downstream of the project reach. Thisis an essentid,
yet often overlooked component of the design process. If the ungtable project reach is bounded on the
upstream and downstream ends by stable reaches, or if there exist some sort of man-made or geologic
controls on both ends of the reach, then the reach may be much more manageable. Consider the example
of a channd reach that is undergoing sgnificant channd widening and has been converted from a
meandering to a braided channd due to overgrazing, along the reach. If the channel upstream and
downgtream of this reach is gtable, then eimination of the overgrazing problem, and the re-establishment
of the old meander pattern may an achievable god. Now consider a project where the god isto restore
afive mile ssgment of a 20 mile straightened reach that has experienced 15 feet of degradation. Severa
approaches could be identified to meet project goas, but each would have inherent problems. For
example, amply congructing anew sinuous channd a the existing channd eevation would not re-establish
the natura hydraulic connection betweenthe channd and the floodplain. Thisproblem could be overcome
by abandoning the old channd and congtructing anew channd inthefloodplain. However, trangtioning into
the downstream reachwould pose a serious problem that probably would require expensive and possibly
environmentally unacceptable grade control structures to drop the flow from the new channel intotheold
channdl.

24.6 SEDIMENT IMPACT ASSESSMENT

The purpose of the sediment impact assessment isto assess the long-term stability of the restored
reach in terms of aggradation and/or degradation. This can be accomplished using a sediment budget
goproach for relatively smple projects or by usng a numericd modd which incorporates solution of the
sediment continuity equation for more complex projects.

24.7 PRELIMINARYDESGNMETHODOLOGIES-MEETING PROJECT GOALSAND
FINAL DESIGN

At this point in the preiminary design, the overdl design process is reviewed. The preiminary
channd design is evaduated to insure that project goas such as reducing sediment loads, flood control, or
environmenta enhancementsare met. If not, the design processisre-vidted toinsurethe project godsare
met with a stable channd design (Figure 2.4). With a satisfactory design, find locd and system wide
designs can beinitiated. Alternatives for satisfying project godswhich were identified at project planning
stage can be designed and implemented.
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24.8 PRELIMINARY DESIGN SUMMARY

The prdiminary design phase of channd rehabilitation projects represents the culmination of a
systematic approach to planning, initiating, and designing channd rehabilitation projects. It isat thispoint
wheredl the planning, dataassembly, and andys's cometogether for achannd design that will meet project
gods, insure system-wide stability, and insure that designed and constructed dternatives will operate as
intended without excessive maintenance or replacement before the projected project lifetime.

25 CHAPTER SUMMARY

The methodologies outlined in this chapter represent a systematic and organized process for
approaching and designing channd rehabilitation projects. These methods have one thing in common: a
systematic and comprehensve gpproach must be taken to solve stream and watershed problems. Although
it may initidly gppear that mitigating localized problems within a channd may be the best solution, this
limited approach may have a far reaching impact upstream and downstream of the affected area. An
organized, multi-discipline gpproach is needed to plan and implement background and field study of the
watershed and channel system, to evauate channd and bank stability, to recognize historica and current
hydraulic and sediment transport trends, and to develop alternatives to meet project goals. Without a
thorough understanding of watershed dynamics and channd processes, designsthat are condtructedin the
rehabilitation process may create unforseen problems.
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CHAPTER 3

FUNDAMENTALSOF FLUVIAL GEOMORPHOLOGY
AND CHANNEL PROCESSES

31 FLUVIAL GEOMORPHOLOGY

Webster's New World Dictionary defines fluvial as of, found in, or produced by a river or
rivers. The same reference defines mor phology as. any scientific study of form and structure, asin
physical geography, etc. With alittle guesswork, we can correctly extrapolate thet fluvial geomorphology
isthe study of the form and structure of the surface of the earth (geo) asaffected by flowing water. Another
definition, athough givenin jest, may bethe one most remembered after thisnext section. Geomor phol ogy
isthe triumph of terminology over common sense.  An equaly important term isthe fluvial system.
A sygem is an arrangement of thingsto form awhole. The primary goa on which wewant to focusinthis
section isthat you are working with a system and the complete system must be considered.

3.1.1 BASIC CONCEPTS

Six basic concepts that should be consdered in working with watersheds and rivers are. 1) the
river is only part of a system, 2) the system is dynamic, 3) the system behaves with complexity, 4)
geomorphic thresholds exist, and when exceeded, can result in aorupt changes, 5) geomorphic analyses
provide ahigtorical progpective and we must be aware of thetime scae, and 6) the scae of the stream must
be considered. Isthe stream a small, mountain meadow trout siream, or isit the Mississppi River?

3.1.1.1 TheFluvial System

Schumm (1977) provides an idedized sketch of a fluvia system (Figure 3.1). The parts are
referred to as:

Zonel- the upper portion of the system that is the watershed or drainage basin; this portion of
the system functions as the sediment supply.
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ZONE 1 (Sediment Production)

ZONE 2 (Sediment Transfer)

ZONE 3 (Sediment Deposition)

Figure 3.1 The Huvid System (after Schumm, 1977)

Zone 2 - themiddle portion of the system that isthe river; this portion of the system functions as
the sediment transfer zone.

Zone 3 - thelower portion of the system may be addta, wetland, lake, or reservair; thisportion
of the system functions as the area of deposition.

Thesethree zones areidedized, becausein actua conditions sediments can be stored, eroded, and
trangported in al zones. However, within each zone one process is usudly dominant. For our purposes
inplanning channe stabilization, we are primarily concerned with Zone 2, thetransfer zone. We may need
to treat only asmdl length of a stream bank (Zone 2) to solve alocd ingability problem; however, from
a system viewpoint we must insure that our plan does not interfere with the transfer of sediment from
upstream (Zone 1) to downgtream (Zone 3). In channd gtabilization planning we must not neglect the
potentia effects that may occur throughout the system.

The fundamenta concept that a stream is aportion of alarge and complex syslem may have been
most eoquently stated by Dr. Hans Albert Eingein:
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If we change a river we usually do some good somewhere and “ good” in quotation
marks. That means we achieve some kind of a result that we are aiming at but
sometimes forget that the same change which we are introducing may have
widespread influences somewhere else. | think if, out of today's emphasis of the
environment, anything results for us it is that it emphasizes the fact that we must
look at ariver or a drainage basin or whatever we are talking about as a big unit
with many facets. We should not concentrate only on a little piece of that river
unless we have some good reason to decide that we can do that.

3.1.1.2 The System is Dynamic

Ineach of theidedized zones described above, aprimary functionislisted. Zone 1 isthe sediment
source that implies that eroson of sediment occurs. Zone 2 is thetrandfer zone that impliesthat asrainfall
increases soil erosion from the watershed, some change must result in the stream to enable trandfer of the
increased sediment supply. Zone 3isthe zone of deposition and change must occur as sediment buildsin
this zone, perhaps the emergence of wetland habitat in a lake, then a change to a floodplain as a drier
habitat evolves. The function of each zone implies that change is occurring in the system, and that the
sysem is dynamic.

From an engineering viewpoint some of these changes may bevery sgnificant. For example, loss
of 100 feet of stream bank may endanger a home or take valuable agricultura land. From ageomorphic
viewpoint, these changes are expected in a dynamic system and change does not necessarily represent a
departure from anatura equilibrium system. In planning stabilization measures, we mud redizethat weare
forced to work in a dynamic system and we must be try to avoid disrupting the system while we are
accomplishing our task.

3.1.1.3 Complexity

L andscape changes are usudly complex (Schumm and Parker, 1973). Weareworkinginasystem
and we have defined a system as an arrangement of thingsto form awhole. Changeto one portion of the
system may result in complex changes throughout the system.

When the fluvid system is subjected to an externd influence such as channdization of part of a
stream, we can expect change to occur throughout the system.  Channdlization usually increases stream
veocity and this would dlow the stream to transfer more sediment, resulting in eroson upstream and
deposition downstream of the portion of the stream channdlized. For example, some'Y azoo Basin streams
in north Mississippi that were channelized in the 1960s responded initidly, but an equilibrium has not yet
been reestablished as repeated waves of degradation, erosion, and aggradation have occurred.
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3.1.1.4 Thresholds

Geomorphic thresholds may be thought of as the straw that broke the camd'sback. Inthefluvid
system this means that progressive change in one variable may eventudly result in an abrupt changeinthe
sysem. If ariver erodes afew grains of soil from the toe of the river bank, no particular response will be
noticed. If that continueswith no deposition to balance theloss, the bank may eventudly fail abruptly and
dramaticdly due to undermining. The amount of flow impinging dong abank may vary consderably with
no gpparent effect on the sabilization; however, at some critica point the bank materia will beginto move
and disastrous consequences can result.

In this example the change was a gradud erosonof afew grains of soil and avariability of stream
velocity, both which could be consdered to be within the naturad system. This type of threshold would
be cdled an intrinsic threshold. Perhaps the threshold was exceeded due to an earthquake or caused by
an ill-planned bank stabilizationproject. Thesewould be called extringc thresholds. The planner must be
aware of geomorphic thresholds, and the effect that their project may have in causing the system to exceed
the threshold.

Channdl systems have a measure of dadticity that enables change to be absorbed by a shift in
equilibrium.  The amount of change a systlem can absorb before that natura equilibrium is disturbed
depends on the sengtivity of the system, and if the systemis near athreshold condition, aminor change may
result in a dramatic response.

3.1.15 Time

We dl have been exposed to the geologists view of time. The Paeozoic Era ended only 248
million years ago, the Mesozoic Era ended only 65 million years ago, and so on. Fortunately, we do not
have to concern ourselveswith that terminology. An aquetic biologist may be concerned with the duration
of aninsect life stage, only afew hoursor days. What we should be aware of isthat the geologist tempord
perspective is much broader than the tempora perspective of the engineer, and the biologist perspective
may be a narrowly focused time scale. Neither profession is good nor bad because of the tempora
perspective; just remember the background of people or the literature with which you are working.

Geomorphologists usudly refer to three time scaes in working with rivers: 1) geologic time, 2)
moderntime, and 3) present time. Geologictimeisusualy expressed in thousands or millionsof years, and
inthistime scale only mgor geologic activity would be significant. Formation of mountain ranges, changes
in sealeve, and dimate change would be sgnificant in this time scale. The modern time scale describes
aperiod of tensof yearsto severa hundred years, and hasbeen called the graded time scale (Schumm and
Lichty, 1965). During thisperiod ariver may adjust to abaanced condition, adjusting to watershed water
and sediment discharge. The present time is considered a shorter period, perhaps one year to ten years.
No fixed rules govern these definitions. Design of amgor project may require less than ten years, and
numerous minor projects are desgned and built within the limitations of present time.  Project life often

22



Fundamentals of Fluvial Geomor phology and Channel Processes

extends into graded time. From ageologists tempord point of view, engineers build mgor projectsin an
ingtant of time, and expect the projectsto last for a significant period.

In river related projects time is the enemy, time is our friend, and time is our teacher. We must
learn dl we can by adopting a historica perspective for each project that we undertake.

3.1.1.6 Scale

The physcd size of the stream may impose limits on the type of planned enhancements to the
sream. For example, many variations of anchoring trees a ong the bank have been successfully used dong
gmdl and moderate size streamsto provide cover and to decrease erosion of the bank. Anchoring of trees
aong the bank is a reasonable method of stabilization. However, for large rivers that may have bank
heights of 30 feet and ayearly water surface eevation fluctuation of 20 to 30 feet, the anchored tree may
be an unreasonable method for gabilization. Applications designed for asmadl stream may not bedirectly
transferrable to larger streams. If we are to transfer techniques for enhancement from stream to stream;
we must dso understand the design principles of those techniques. Principles, such asincreasing the cover
and decreasing the water velocity at the water-bank interface are transferable; however, the direct
technique may not be trandferable.

3.1.2 LANDFORMS

Now it istimeto giveyou abrief introduction into what you may see when you go to thefield. The
following discusson will be confined primarily to depositiond landformsaong meanderingrivers, and alittle
information concerning terraces.

A floodplain isthe dluvid surface adjacent to achannd that isfrequently inundated (Figure 3.2).
Although much of the literature until the 1970s suggested that the mean annud flood was the bankfull
discharge, Williams (1978) clearly showed tha out of thirty-five floodplains he sudied inthe U.S,, the
bankfull discharge varied betweenthe 1.01- and 32-year recurrenceinterval. Only about athird of those
sreams had a bankfull discharge between the 1- and 5-year recurrence interva discharge. Knowledge
of dluvid landforms will dlow a more informed determination of bankfull than depending solely on the
magnitude of the flood.

Table 3.1 and Figure 3.2 together provide aquick summary of someadluvid landformsfound dong
ameandering stream. From the pergpective of a stream stabilization planner, it is extremely important to
know that dl the materids aong the bank and in the floodplain are not the same.  The materids are
deposited under different flow conditions.

For example, backswamps and channel fills will usudly be fine-grained and may be very
cohesive. Thisisbecause both landforms are deposited away from the main flow in the channd, in alower
energy environment. Natur al-levee deposits are coarser near the channel and become finer away from
the channd as the energy to transport the larger particles dissipates.
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Table 3.1 Classfication of Valey Sediments

Place of Deposition Name Characteristics
Channdl Transitory channel deposits _ Primarily bedload temporarily at rest; for example, alternate bar deposits.
Lag deposits Segregation of larger of heavier particles, more persistent than transitory channel deposits,
and including heavy minera placers.
Channdl fills Accumulations in abandoned or aggrading channel segments, ranging from relatively coarse
bedload to plugs of clay and organic muds filling abandoned meanders.
Channel margin Lateral accretion deposits Point and marginal bars which may be preserved by channel shifting and added to overbank

floodplain by vertical accretion deposits at top; point-bar sands and silts are commonly
trough cross-bedded and usually form the thickest members of the active channel sequence.

Overbank flood plain Vertical accretion deposits Fine-grained sediment deposited from suspended load of overbank floodwater, including
natural levee and backswamp deposits; levee deposits are usually horizontally bedded and
rippled fine sand, grading laterally and vertically into point-bar deposits. Backswamp
deposits are mainly silts, clays and peats.

Splays Local accumulations of bedload materials, spread from channels on to adjacent floodplains;

splays are cross-bedded sands spreading across the inner floodplain from crevasse breaches.

Valley margin Colluvium Deposits derived chiefly from unconcentrated slope wash and soil creep on adjacent valley
sides.

Mass movement deposits Earthflow, debris avalanche and landslide deposits commonly intermix with marginal
colluvium; mudflows usually follow channels but also spill overbank.

Point bar s represent asequence of deposition in which the coarser materidsare at the bottom and
the finer materids at the top. From the viewpoint of the channd stabilization planner, the more eroson
resstant materials may then be siltsand clays deposited at the top and very erosive sand may comprisethe
toe of the dope. Therefore, if the channd you are attempting to stabilize is eroding into an old point bar
deposit, you may encounter severa problems. Along the same line of thinking, anabandoned channd fill
may appear on the eroding bank as a clay plug.

Different types of bank ingtability can dso arise depending on how the materias were deposited.
Condgder apoint bar deposit with asandy base that has been deposited over a backswamp clay deposit.
This can result in sub-surface flow at the sand-clay interface that can cause the granular materid to be
washed out of the bank and failure to occur some distance back from the channd. Stabilization could
indude proper drainage of the top of the bank to deprive the faillure mechanism of the percolating
groundwater source.

Inaddition to thelandforms briefly described in Table 3.1, we should introduceter races. Terraces
are abandoned floodplains formed when the river flowed at a higher level than now (Ritter, 1978).
Terraces are produced by incison of the floodplain (Schumm, 1977). In other words, the stream channel
has down cut leaving the previous floodplain, and is establishing anew, lower floodplain. The gppearance
of aterrace or a series of terraces in a surveyed cross-section may be as broad gtair steps down to the
stream. The steps may be broad and continuous throughout the length of the stream segment, or may be
discontinuous and could be only afew feet in width.

3.1.3 RIVER MECHANICS

River mechanics is the subset of both fluvid geomorphology and open channel hydraulics which
focuses on the form and structure of rivers. Specificaly, it address the channel pattern, channd geometry
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(cross section shape), planform geometry, and the channel dope. The purpose of this section is to
introduce you to some of the basic characterigtics of rivers, and help define some of the confusing
terminology you may encounter when dedling with rivers.

Rivers and streams are dynamic and continuoudly change their podtion, shape, and other
morphological characteristics with variations in discharge and with the passage of time. It isimportant not
only to study the exigting river but aso the possible variations during the lifetime of the project, particularly
interms of effective treatment of bank erosion. The characterigtics of theriver are determined by the water
discharge, the quantity and character of sediment discharge, the composition of the bed and bank materid
of the channd, geologic controls, the variations of these parametersin time, and man's activities. To
predict the behavior of ariver in anaturd state or as affected by man's activities, we must understand the
characterigtics of the river aswell as the mechanics of formation.

3.1.3.1 Channd Pattern

Channd pattern describes the planform of a channd. The primary types of planform are
meandering, braided, and straight. 1n many cases, astream will change paitern within its length. The type
pattern is dependent on dope, discharge, and sediment load.

The most common channel patternisthemeandering stream (Figure 3.3). A meandering channd
isonethat isformed by a series of dternating changesin direction, or bends. Relatively straight reaches of
dluvid riversrarely occur in nature. However, there are instances where areach of river will maintain a
nearly draight aignment for along period of time. Even in these relatively sraight resches, the thalweg
may gill meander and dternate bars may be formed. Straight streams generally occur in relatively low
energy environments. The braided pattern is characterized by a divison of the river bed into multiple
channels (Figure 3.4). Mogt braided streams are rlatively high gradient and relaively coarse streams.

3.1.3.2 Channel Geometry and Cross Section

The following paragraphs describe the channel geometry and cross sectiond characteristics of
streams. Since meandering Streams arethemaost common form of dluvid channdsthisdiscussonwill focus
primarily on this stream type.

Pools and Crossings. A schematic showing features associated with meanders and straight
channels isgiven in Figure 35. Asthe thalweg, or trace formed by the deegpest portion of the channd,
changesfrom sideto sidewithin the channe, the momentum of the flow affectsthe cross-sectiond geometry
of the stream. In bends, there is a concentration of flow due to centrifuga forces. This causes the depth
toincrease at the outside of the bend, and thisareaisknown asapool. Asthe thaweg again changes sdes
below abend, it crossesthe centerline of the channel. Thisareaisknown astheriffle or crossing. Atthe
point of tangency between adjacent bends, the velocity distribution is fairly consstent across the cross
section, which is gpproximately rectangular in shape.
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Figure 3.4 Typicd Braided River
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The concentration of flow in the bend islost and the vel ocity decreases accordingly, thus causing deposition
in the crossing.

Cross Section Shape. The shape of a cross section in a stream depends on the point along the
channd with reference to the plan geometry, the type channd, and the characteristics of the sediment
forming and trangported within the channd. The cross section in a bend is deeper at the concave (outer
bank) sde with a nearly verticd bank, and has a shelving bank asformed by the point bar on the convex
sde. Thecrosssectionwill be moretrapezoidd or rectangular inacrossing. Theseare shownin Figure 3.6.
Cross section shape can be described by anumber of variables. Some of these such asthear ea, width,
and maximum depth are sdf explanatory. However, other commonly used parameterswarrant some
explanaion. Thewetted perimeter (P) refersto the length of the wetted cross section measured norma
to the direction of flow. The width-depth (w/d) retio is the channd width divided by the average
depth (d) of the channd. The average depth is caculated by dividing the cross section area by the
channd width. The hydraulic radius (r), which isimportant in hydraulic computations is defined as the
cross sectiond areadivided by the wetted perimeter. Inwide channelswith w/d greater than about 20 the
hydraulic radius and the mean depth are gpproximately equa. The conveyance, or capacity of achannel
is rdlated to the area and hydraulic radius and is defined as AR2.

Channé Bar s. Channd barsare depostiond featuresthat occur within thechannd. Theszeand
location of bars are related to the sediment transport capacity and loca geometry of the reach. The
enlargement of abar generdly resultsin caving of the opposite banks in order to maintain conveyance of
the discharge. The primary types of bars are point bars, middle bars, and dternate bars.

Point bar s form on theinsde (convex) bank of bendsin ameandering stream. A typicd point bar
isshown in Figure 3.3. Thesze and shape of the point bar are determined by the characteristics of the
flow. The development of a point bar is partidly due to the flow separation zone caused by centrifugd
forces in the bend, and secondary flow. Middle bar isthe term given to areas of depogtion lying within,
but not connected to the banks. Figure 3.7 shows atypica middle bar on the Missssppi River. Middle
barstend to form in reacheswherethe crossing areas between bends are excessively long and occasiondly
in bends due to the development of chutes. Alternate bars are depositiona features that are positioned
successvely down the river on opposite sides (Figure 3.8). Alternate bars generaly occur in straight
reaches and may be the precursor to afully developed meander pattern.

3.1.3.3 Planform Geometry

Sinuosity isacommonly used parameter to describe the degree of meander activity in astream.
Sinuosity is defined astheratio of the distance dong the channe (channd length) to the disgancedong the
vdley (vdley length). Think of Snuogty astheratio of the distance the fish swimsto the distance the crow
flies A perfectly sraight channd would have asnuosty of 1.0, while achanne with asnuosty of 3.0 or
more would be characterized by tortuous meanders. The
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Figure 3.7 Typicd Middle Bar

Figure 3.8 Typicd Alternate Bar Pattern
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meander wave length (L) is twice the straight line distance between two consecutive points of amilar
condition (i.e. pools or crossings) in the channel as depicted in Figure 3.9. Thisis sometimes referred to
as the axid meander wavelength to digtinguish it from the channe length between inflection points which
isaso sometimesreferred to asthe meander wave length. Themeander amplitude (A) isthe width of the
meander bends measured perpendicular to the valey or sraight line axis (Figure 3.9). Theratio of the
amplitude to meander wavelength is generdly within the range 0.5 to 1.5. It should be noted that the
meander amplitude and the width of the meander belt will probably be unequa. The meander belt of a
gream isformed by and includes al thelocations held by astream during its development history. In many
cases, thismay includedl portions of the present flood plain. Meander wave length and meander width are
primarily dependent on the water and sediment discharge, but may aso be modified by confines of the
meaterid in which the channd isformed. The effects of bank materids is shown by theirregularitiesfound
in the adignment of natural channels. If the materid forming the banks was homogeneous over long
distances, a snusoidd dignment having a unique and uniform meander wavelength would be expected
dthough thisrarely occursin nature.

Axis of bend
/

Point of inflection
or crossover

Convex bank

Location of Concave bank
point bar

L = Meander length (wave length)
A = Amplitude
r, = Mean radius of curvature

Figure3.9 Definition Sketch for Channe Geometry (after Leopold et al.,
1964)
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Theradiusof curvature (r) istheradius of the circle defining the curvature of an individua bend
measured between adjacent inflection points (Figure 3.9). Thearc angle () isthe angle swept out by the
radius of curvature between adjacent inflection points. Theradiusof curvaturetowidthratio (r/w) isavery
ussful parameter that is often used in the description and comparison of meander behavior, and in
particular, bank erosion rates. The radius of curvature is dependent on the same factors as the meander
waveength and width. Meander bends generdly develop aradius of curvature to width ratio (r/w) of 1.5
to 4.5, with the mgority of bendsfdling in the 2 to 3 range.

3.1.3.4 Channel Slope

The dope (longitudind profile) of a stream is one of the mogt sgnificant parameters in the study
and discussion of river behavior. Slopeisone of the best indicators of the ability of the river to do work.
Rivers with steep dopes are generdly much more active with respect to bank erosion, bar building,
sediment movement, etc., than lower dope channels.

Sope can be defined in anumber of ways. If sufficient dataexigts, the water surface dopemay be
cdculated usng dage readings at gage locations dong the channd. However, in many instances,
particularly in smal streams, gageinformationisnon-existent. Inthese cases, the thalweg dopeisgenerdly
caculated. Thaweg refersto the degpest point in across section.  The thaweg dope not only provides
agood expression of the energy of the stream, but a'so may aid in locating areas of scour and fill, geologic
controls, and outcrops of non-erodible materials.

3.1.4 RELATIONSHIPSIN RIVERS

One interesting aspect of meandering rivers is the similarity in the proportion of planform
characterigtics. Various empirica relationships have been devel oped which relate radius of curvature and
meander wavelength to channel width and discharge. Brice (1984) suggested that these smilarities,
regardless of size, account for the fact that the meandering planform is sensibly independent of scae. In
other words, if scdeisignored, dl meandering riverstend to look dikein plan view. Thisfact providesus
with a glimmer of hope that we might be able to develop relationships to help explain the behavior of
complex river systems.

Investigation by Lane (1957) and Leopold and Wolman (1957) showed that the relationships
between discharge and channel dope can define thresholds for indicating which rivers tend to be braided
or meandering, asshowninFigures3.10and 3.11. Lanesreationship issomewhat more redistic because
an intermediate range is included; however, both relationshipsare very smilar in the variablesused and the
appearance of the graphs. Rivers that are near the threshold lines may exhibit segments that trangtions
between the two planforms. These relationships can be useful if the planform of ariver isto be changed.
For ingance, ameandering river positioned at point ‘A’ in Figure 3.11 might be shifted to point ‘B’ if the
dopeisincreased due to the condruction of man-made cutoffs.
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Another set of empirica relationships is related to meander geometry. Leopold et al. (1964)
reported therelationship between meander wave length (L) and channd width (w), meander amplitude (A)
and channd width (w), and meander wave length (L) and bendway radius of curvature (R, ) asdefined by
Leopold and Wolman (1960). The relationships are;

L = 109w
A = 27wt
L = 47RO%

Leopold et al. (1964) stated that the exponentsfor the rel ationships are gpproximatdly unity, and
these relationships can be considered linear. Also, they pointed out that channel meander form is affected
by the cohesiveness of the channel boundaries. Dury (1964) found that meander wave length isrelated to
the mean annud flood (Q,,»):

L = 30Q,°°

Schumm (1960, 1977) investigated the effect of the percentage st and clay (M) in the stream
boundaries and reported the following relationship for meander wave length:

L = 1890 Q0% M°7™

where Q,, istheaverage annud flow. Thewidthto depthratio (F) isaso related to the percentage silt and
cay:

F = 255 M108
Channel dope (S) wasfound to be related to the mean annua discharge (Q,,,) and percentage silt and clay:
S - 60 M -0.38 Qm—0.32
Regime theory isan gpplication of theideathat thewidth, depth, dope, and planform of ariver are
adjusted to a channd-forming discharge. In hisreview of the history of regime theory, Lane (1955) Sates
that in 1895 Kennedy proposed the following relationship:
V =cD"
inwhich V isthe mean channd vdodity, D isthe channd depth, and ¢ and m are constants devel oped for

various channe locations. Much of the early work in devel oping regime rel ationships was conducted in the
irrigation canals of India, and since the early 1900s, many relationships have been proposed.
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Leopold and Maddock (1953) compiled a significant Satistica data base usng USGS gauging
records and developed hydraulic geometry rdationships for the width, depth, velocity, and other
hydraulic characterigtics for some streams in the United States. The hydraulic geometry relaionships are
of the same genera form as Kennedy (1895):

W=aQ’
D=cQ
V=kQ"

inwhich W is channd width, Q isdischarge, D isdepth, and V isvelocity.

All of the relationships presented, including the hydraulic geometry relaionships, are grictly
empiricd, i.e,, the relaionships describe observed physicd corrdations. As conditions change from
watershed to watershed, the relationships must be modified. For example, stream widith for sandy banks
would be expected to be different from clay banks. Schumm'’s relationship between width to depth ratio
(F) and the weighted percent slt-clay in the channel perimeter (M) is an empirica relationship that
describes thisobsarvation. If Schumm'sreationship is correct, then isthe hydraulic geometry relationship
vaid that predictswidth (W) based only asafunction of discharge? Both relationships can bevalid for the
data set used in developing the rdationship.

An example of the improper use of empiricd relationships was provided by Mark Twain in Life
on the Mississippi (Clemens, 1944). In his wonderfully sarcastic manner, he describes Missssippi River
cutoffs of which he had knowledge. Therefore, he developed an empirica relationship to predict the
eventua length of the Missssppi River. He eoquently describes the modeling process:

Now, if | wanted to be one of those ponderous scientific people, and “let on” to
prove what had occurred in the remote past by what had occurred in a given time
in the recent past, or what will occur in the far future by what has occurred in late
years, what an opportunity is here! Geology never had such a chance, nor such
exact datato arguefrom! Nor * development of species,” either! Glacial epochsare
great things, but they are vague - vague. Please observe:

In the space of 176 years, the Lower Mississippi has shortened itself 242 miles. That
is an average of a trifle over one mile and a third per year. Therefore, any calm
person, who isnot blind or idiotic, can seethat inthe Old Odlitic Slurian Period, just
a million years ago next November, the Lower Mississippi River was upwards of
1,300,000 mileslong, and stuck out over the Gulf of Mexico like afishing rod. And
by the same token, any person can see that 742 years from now the Lower
Mississippi will be only a mile and three-quarterslong, and Cairo and New Orleans
will have joined their streets together, and be plodding comfortably along under a
singlemayor and a mutual board of aldermen. Thereis something fascinating about
science. One gets such wholesale returns of conjecture out of such a trifling
investment of fact.
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The primary point of this ddightful sarcasm is that we should not fall into the trgp of attempting to plan a
project based on “...wholesae returns of conjecture out of such atrifling invesment of fact.” Empirica
rel ationships can be very useful. We cannot be certain that New Orleansand St. Louiswill haveacommon
Board of Aldermen on September 13, 2604; however we must be certain that the data from which the
relationship was developed is valid for the project location, for the scale of the project, and that the
relationship makes physical sense in gpplication to the project.

3.1.5 CHANNEL CLASSFICATION

Severa primary methods of river classfication are presented in the following paragraphs, and these
methods can be related to fundamenta variables and processes controlling rivers.  One important
cassfication isdther dluvid or non-dluvid. Analluvial channe isfreeto adjust dimensonssuch assize,
shape, pattern, and dope in response to change and flow through the channdl. The bed and banks of an
dluvid river are composed of materid transported by theriver under present flow conditions. Obvioudy,
anon-alluvial river is not free to adjust. An example of a non-aluvid river is a bedrock controlled
channd. In other conditions, such as in high mountain streams flowing in very coarse glacidly deposited
meaterias or sgnificantly controlled by falen timber would suggest anon-dluvid system.

Alluvid channdsmay aso be classfied aseither perennid, intermittent, or ephemerd. A perennial
stream isonewhich hasflow at dl times. An inter mittent stream has the potentia for continued flow,
but at timesthe entireflow isabsorbed by the bed materid. Thismay be seasond in nature. An ephemeral
stream only has flow following aranfal event. When carrying flow, intermittent and ephemerd streams
both have characteristics very smilar to perennid streams.

Another classfication methodology by Schumm (1977) includes congderation of the type of
sediment load being transported by the stream, the percentage of silt and clay inthe channd bed and banks,
and the stability of the channd. Sediment load refersto the type or size of materia being transported by
astream. Thetota load can be divided into thebed sediment load and thewashload. The bed sediment
load is composed of particles of a size found in appreciable quantitiesin the bed of the stream. The wash
load iscompaosed of thosefiner particlesthat arefound in smd| quantitiesin the shifting portions of the bed.
Frequently, the sediment load is divided into the bedload, those particles moving on or near the bed, and
the suspended load, those particles moving in the water column. The Sze of particles moving as
suspended load may include a portion of the bed sediment load, depending on the energy available for
transport (Vanoni, 1977). For example, the suspended load frequently reported by U.S. Geologica
Survey publications usudly includes aportion of the bed sediment load and dl of thewash load. Sediment
discharge isthe rate at which the sediment load is being supplied or transported through areach.

For purposes of this classification system, a stable channel complies with Mackin's definition of a
graded stream. An unstable stream may be elther degrading (eroding) or aggr ading (depositing). Inthe
context of the definition of a graded stream being in balance between sediment supplied and sediment
transported, an aggrading stream has excess sediment supply and a degrading stream has a deficit of
sediment supply.

37



Fundamentals of Fluvial Geomor phology and Channel Processes

Table 3.2 presents asummary of this classification system and describes the response of the river
Ssegment to ingtability and a description of the stable segment. Itisvery important to note that thework on
which this classification was based was conducted in the midwestern U.S,; therefore, the classfication
system represents an interpretation of empirica data.  Extrapolation of the classfication beyond the
database should be done cautioudly.

Schumm and Meyer (1979) presented the channd classification shown in Figure 3.12, which is
based on channel planform, sediment load, energy, and relative stability. Aswith any classfication system,
Figure 3.12 implies that river ssgments can be conveniently subdivided into clearly discernablegroups. In
redity, a continuum of channel types exists and the application of the classfication system requires
judgement.

Other stream cdlassfications include those by Neill and Gday (1967) and by Rundquist (1975).
These systems go well beyond a description of the channd, and include description of land use and
vegetation in the basin, geology of the watershed, hydrology, channd bed and bank materid, sediment
concentration, channel pattern, and channel sability.

Rosgen (1994) presented a stream classification system similar to the Runquist (1975) system. A
primary difference between the two systemsisthat planform and bed materia character are combined into
one code, improving the ease of use. Rosgen (1994) dso included an entrenchment ratio, which isthe
ratio of the width of the flood-prone area to the surface width of the bankfull channd. Like Runquist
(1975), Rosgen (1996) has dso added valey type classfication. Table 3.3 isasummary of delinestive
criteriafor broad-leve classfication from Rosgen (1994). Each of the stream types can be associated with
dominant bed materid types asfollows. Bedrock - 1, Boulder - 2, Cobble - 3, Gravel - 4, Sand - 5, and
Silt/Clay - 6.

With some modifications to Figure 3.12, Figure 3.13 is a combination of some concepts of
Schumm and Rosgen.  Schumm's classification system was heavily dependent on his Midwestern
experience, while Rosgen's experience began in steep mountain streams.  In addition, Schumm's (1977)
classfication did not specificaly include incised channels, whichare included in Rosgen's (1994) Fand G
classes. Figure3.13includesC, D, DA, and E cdlasses, and could be expandedtoincludedl of Rosgen
(1994) classes. Thevaueof Figure 3.13 isto demongtrate that moving from classto classisapredictable
response that manages energy, materiads, and channd planform to reestablish a balance of sediment and
water discharge with sediment and water supply.

3.2 CHANNEL EVOLUTION

The conceptua incised channel evolution modd (CEM) has been of value in developing an
understanding of watershed and channel dynamics, and in characterizing stable reaches of these channels.
The sequence was originaly used to describe the erasion evolution of Oaklimiter Creek, a tributary of
Tippah River in northernMississippi. Simon and Hupp (1987) have developed asimilar model of channel
evolution.
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Location-for-time subgtitution was used to generate a five-reach type, incised channel evolution
sequence for stream of the Y azoo Basin (Schumm et al., 1984), as shown in Figure 3.14. In eachreach
of anidedized channd, Types| and V occur in series and, a a given location, will occur in the channd
through time. The channel evolution model describes the systematic response of a channd to base level
lowering, and encompasses conditionsthat range from disequilibrium to anew state of dynamic equilibrium.
The following paragraphs characterize the conceptua types. It should be recognized that these categories
are only conceptud and variation may be encountered in the field.

Type | reaches are characterized by: asediment transport capacity that exceeds sediment supply,
bank height (h) that is less than the critica bank height (hc), a U-shaped cross section, smal precursor
knickpointsin the bed of the channe providing that the bed materid is sufficiently cohesive, and little or no
bed material deposited. Width-depth ratios at bankfull stage are highly variable,

Type |l reaches are located immediately downsiream of the primary knickpoint and are
characterized by: asediment transport capacity that exceeds sediment supply, abank height that isgreater
than the critical bank height (h > hc), little or no bed sediment deposits, alower bed dope than the Type
| reach, and alower width-depth ratio vaue than the Type | reach because the depth hasincreased but the
banks are not failing.

Typelll reachesarelocated downstream of Typell reachesand are characterized by: asediment
trangport capacity that is highly variable with repect to the sediment supply, abank height that is greater
than the critica bank height (h > hc), erosion that is due primarily to dab falure (Bradford and Piest,
1980), bank loss rates thet are at a maximum, bed sediment accumulation that is generdly less than two
feet, but can locdly be greater dueto loca erosion sources, and channd depth that is somewhat less than
in Typell. The channe iswidening due to bank fallure,

TypelV reachesare downstream of Typelll reaches and are characterized by: a sediment supply
that exceeds sediment transport capacity resulting in aggradation of the channel bed, a bank height that
approaches the critical bank height with a rate of bank failure lower than Type Il reaches, a nearly
trapezoidal cross-section shape, and a width-depth ratio higher than the Type Il reaches. The Type IV
reach is aggradationa and has a reduced bank height. Bank fallure has increased channd width, and in
some reachesthe beginnings of bermsaong the margins of an effective discharge channel can be observed.
These berms are the initiation of naturd levee deposits that form in aggraded reaches that were over-
widened during earlier degradationa phases. Bradford and Piest (1980) observed that in the later phases
of evolution, the mode of bank failure changes from circular arc to dab-type failures.

TypeV reachesarelocated downstream of TypelV reachesand are characterized by: adynamic
bal ance between sediment transport capacity and sediment supply for the effective discharge channd, a
bank height that is less than the critical bank height for the exigting bank angle, colonization by riparian
vegetation, an accumulated bed sediment depth that generdly exceeds 3 feet, a width-depth ratio that
exceeds the Type |V reach, and generdly acompound channd formed within anewly formed floodplain.
The channd isin dynamic equilibrium. Bank angles have been reduced
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INCISED CHANNEL EVOLUTION PHASES
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Figure 3.14 Incised Channd Evolution Sequence (after Schumm et al., 1984)
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by accumulation of failed bank materids at the toe of the dope and by accumulation of berm materids.

The sequence of channd evol ution isbased on the assumption that the observed changesin channd
morphology are due to the passage of timein response to asingle base level lowering without changesin
the upstream land use and sediment supply from the watershed. Application of the sequence assumesthat
the materids forming the channd perimeter are erodible and al degrees of the channel adjustment are
possible. The sequenceisapplicable only inasystem context, and loca erosion such asin bendsor caused
by deflection of flow by debris may cause difficulty in application of the sequence.

The primary value of the sequenceisto determine the evol utionary state of the channd from afield
reconnaissance. The morphometric characteristics of the channel reach types can aso be corrdated with
hydraulic, geotechnical, and sediment transport parameters (Harvey and Watson, 1986; Watson et al.,
1988). The evolution sequence provides an understanding that reaches of a stream may differ in
appearance, but channel form in one reach is associated with other reaches by an evolving process. Form,
process, and time relate dissmilar reaches of the stream.

The USACE (1990) used the channd evolution sequence in developing regiond stability curves
relaing the bed dope of Type V reaches asafunction of the measured drainage area. Quasi-equilibrium,
TypeV reaches were determined by field reconnai ssance of knowledgeable personnel. Figure3.15isan
example of the empirical bed dope and drainage area relationship for Hickahala Creek, in northern
Missssppi. The 95% confidence intervas of the regresson line are shown. The dope-area curve is an
example of an empirica relationships that does not explicitly include the primary factors of water and
sediment discharge, sediment load, hydraulic roughness, and channd morphology.

Watson et al. (1995b) stated that Stream classfication is an essentid dement in transferring
knowledge and experience pertaining to channe design from location to location. A computer program
was developed to record a comprehensive data set for a watershed and for channel sites, and to present
dternative classfication of each based on three classification sysems. Schumm (1977), Rosgen (1994),
or Montgomery and Buffington (1993). A god of the program was to develop understanding between
groups who are mogt familiar with only on or two of the classification sysslems compared. Watson et al.
(199549) found that the improvement in stability of the incised reaches has resulted in lower channdl dope
and sediment yield. Use of a previous dope-area curve data based on generdly less stable channel
characterigtics, resultsin the desgn of achannd that would be stable at higher sediment yid dsthan arenow
present in the more stable DEC streams.  The dope-area curve must be constantly updated, or a design
method that specificaly includes sediment yield should be used.

3.3 QUANTIFICATION OF THE EVOLUTIONARY SEQUENCE

The parameters of the Channdl Evolution Mode, Section 3.2, are difficult to quantify and to
incorporatein design guidance. The parameters can be compressed into two dimensionless
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Figure 3.15 Hickahala Creek Watershed, Slope-drainage Area Relationship

gability numbers: Ng isameasure of bank stability and Nh is a measure of sediment continuity. For a
channdl to be stable, sediment continuity and bank stability are essentid.

Ng is defined as the ratio between the existing bank height and angle (h) and the critical bank
height a the same bank angle (hc). Bank dability is attained when Ng is less than unity (Ng < 1).
Therefore, Ng provides a rationa basis for evaluating the requirements for bank stabilization and for
evauating the consequences of further bed degradation.

The hydraulic stability number, Nh, is defined as the ratio between the desired sediment supply
and the actual sediment trangport capacity. Sediment continuity yields Nh = 1.0. It isimportant to note
that the definition of Nh includes sediment transport and supply, whichisin contrast to most channd design
procedures. Hydraulic sability in the channd is attained when Nh = 1. If Nh is < 1 the channd will
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aggrade, and if Nhis> 1 it will degrade. Since sediment supply to a channel can change through time, it
iS prudent to design rehabilitation measures that will alow for the fluctuations in sediment supply.

In combination, Ng and Nh provide a set of desgn criteria that define both bank and hydraulic
gability in the channd. Grade-control structures constructed in the channd should induce upstream
deposition of sediment in the bed of the channel. This emulates the naturd evolution of the channdl.
Reductionin the sediment trangport capacity as aresult of dope reduction permits deposition of sediment.
This reduces the bank height of the channdl. Continued bank erosion will occur only if the failed bank
materids are removed by fluvid processes. The aggradation upstream of the grade-control structure
eventudly will result in incressing bank sability.

The dimensionless stability numbers, Ng and Nh, can be related to the channel evolution modes,
as shown in Figure 3.16. As the channd evolves from a state of disequilibrium to a tate of dynamic
equilibrium through the five reach types of the Oaklimiter Sequence, the channd condition will progress
through the four stability diagram quadrantsin acounter-clockwise direction. Rehabilitation of the channe
should attempt to omit as many of the quadrants as possible to reduce the amount of channe deepening
and widening.
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Figure 3.16 Comparison of the Channd Evolution Sequence and the Channd Stability
Diagram
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Each quadrant of the stability diagram is characterized by geotechnica and hydraulic stability
number pairs, and stream reaches that plot in each quadrant have common characteristics with repect to
gahility, flood control, and measures that may be implemented to achieve aproject god.

Quadrant 2 (Ng > 1, Nh > 1) sreams are severdly ungtable; the channel bed is degrading and
channel banks are geotechnicaly unstable. Grade control must be used to reduce bed dope, transport
capacity, and Nh. Both flood control and bank stability must be congdered when determining the height
to which grade control should be constructed. A seriesof grade control structures can reduce bank height
enough to stabilize the banks, but acombination of grade control and bank doping may better resolveflood
control while meeting stability objectives. Quadrant 1 (Ng < 1, Nh> 1) isnot as severe as Quadrant 2; the
channel bed may be degrading or may be incipiently degradationd, but the channd bank is not yet
geotechnicaly ungtable. Bank erosion is occurring only localy and bank stabilization measures such as
riprap, dikes, or vegetation could be applied. However, locd stabilization would not be successful if bed
degradation continued, moving to Quadrant 2, and destabilized the channel stabilization measures. If flood
control isa project god, dmaost any channelization measure or congtruction of levees would increase the
Nh ingability, shifting the value to the right and increasing the opportunity to make Ng > 1. Flow control
usng areservoir can address flood control and improve stability if the new flow duration curve reduces
cumulative sediment trangport; however, changing the flow duration curve and reducing the available
sediment supply are potentidly destabilizing. Each of these factors should be consdered in projects
invalving Quadrant 1 channels. Bed stabilization through the use of a grade control structure or bed
dabilization el ement may be desirable.

Quadrant 3 (Ng > 1, Nh < 1) has a severe and dynamic problem with gravity driven bank failure,
but without continued bed degradation. Bank doping could be effective without grade control
emplacement, but usually both measures should be considered. Loca bank stabilization measuresin either
Quadrant 2 or 3 are unlikely to be successful. Flow control in these two quadrants could be beneficia,, but
must be considered in the context of extreme reach ingtability and grade control islikdly to be required.

Quadrant 4 (Ng < 1, Nh < 1) is characterized by general aggradation. Loca bank stabilization
measureswill be effective. AsNh decreasesin thisquadrant, the potentia for channd aggradation-related
flood control problems increases.

The desirable range for long-term channd stability isfor Ng to belessthan one, and for Nhto be
approximately one (Ng < 1, Nh 1 1). If flood capacity is not sufficient as Ng approaches 1.0, levees or
a compound channel should be consdered.

The USACE (1990) used the channel stability diagramin discussonsof Nelson, Beards, Catheys,
and James Wolf Creeks stability, as shown in Figure 3.17. Figure 3.18 depicts the change in plotting
postions of the result of channd dabilization measures that move two streams from degradation to
aggradational (Stream A), and from degradationa and unstable banks to aggradationa and stable banks
(Stream B). The proper characterigtics for long-term stability are neither aggrading nor degrading, with
stable banks.
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Figure3.17 Sub-watershed Channels of
Hickahala Creek Watershed
Potted on an Ng/Nh Diagram
(after USACE, 1990)
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Figure 3.18 Dimensonless Stability Number Diagram for Stabilization
Measures on Two Hypothetica Streams
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34  CHANNEL STABILITY CONCEPTS

Streambank protection measures often fail, not as the result of inadequate structurd design, but
rather because of the failure of the designer to incorporate the existing and future channe morphology into
the design. For thisreason, it isimportant for the designer to have some generd  understanding of stream
processestoinsurethat the selected stabilization measureswill work in harmony with the existing and future
river conditions. This section describes the basic concepts of channd stability. Thiswill dlow the designer
to assess whether the erosion at a particular Steisdueto local ingtability processes or istheresult of some
sysem-wide ingtability problems that may be affecting the entire watershed.

341 THE STABLE CHANNEL

The concept of astable river isonethat has generated controversy between engineers, scientists,
landowners, and politiciansfor many years. Anindividud'sdefinition of stability isoften subjectively based
on past experiences or project objectives. To the navigation engineer, astableriver might be onethat main-
tains adequate depths and dignment for safe navigation. The flood control engineer on the other hand is
more concerned with the channg maintaining the ability to pass the design flood, while to the local
landowner a stable river is one that does not erode the bankline. Therefore, bank erosion would not be
an acceptable component of thesegroups definition of astableriver. Geomorphologists and biologists, on
the other hand, might maintain that bank erosion issmply part of the naturd meandering process of dable
rivers and would be perfectly acceptable in their definition of a stable river. Consequently, there is no
universdly accepted definition of a stable river. However, some manner of defining stability is needed
before the concept of ingtability can be discussed. Therefore, the following paragraphs will attempt to
establish a definition of astable river to be usad for this manud.

River behavior may be influenced by a number of factors. Schumm (1977) identified these as
independent and dependent variables. Independent variables may be thought of as the basin inputs or
congtraintsthat cause achangein the channg morphology. Independent variablesinclude: basin geology,
hydrology (discharge of water and sediment), valley dimensions (dope, width, depth), vegetation (type
and density), and climate. Dependent variables include: channd dope, depth, width, and planform.

A channd that has adjusted its dependent variables to accommodate the basin inputs (independent
variables) issad to be stable. Mackin (1948) gave the following definition of agraded stream:

A graded streamis one in which, over a period of years, slopeisdelicately adjusted
to provide, with available discharge and with prevailing channel characteristics, just
the velocity required for the transportation of the load supplied from the drainage
basin. The graded streamisa systemin equilibrium.

Mackin did not say that astreamin equilibriumisunchanging and gatic. A more commonly used term today

for thistype of gability isdynamic equilibrium. A stream in dynamic equilibrium has adjusted its width,
depth and dope such that the channel is neither aggrading nor degrading. However, change may be
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occurring in the stream bank, erason may result, and bank stabilization may be necessary, even on the
banks of a stream in dynamic equilibrium.

The equilibrium concept of streams discussed above can dso be described by various qualitative
relationships. One of the most widdly used rdationshipsisthe one proposed by Lane (1955) which sates
that:

QS % Q<Dso

where Q isthe water discharge, Sisthe dope, Qs isthe bed materia load, and Ds, is the median size of
the bed materid. This relationship, commonly referred to as Lane's Bdance, isillustrated in Figure 3.19.
Mackin's concept of adjustment to changesin the controlling variablesiseasly illusirated by Lane'sbalance
(Figure 3.19) which shows that a change in any of the four variableswill cause achangein the others such
that equilibriumisrestored. Whenachannd isin equilibrium, it will have adjusted these four variablessuch
that the sediment being transported into the reach is transported out, without significant depodtion of
sediment in the bed (aggradation), or excessive bed scour (degradation). It should be noted that by this
definitionof sability, achannd isfreeto migrate laterdly by eroding one of its banks and accreting the one
opposite a asmilar rate.
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Figure 3.19 Lane sBdance (after E. W. Lane, from W. Borland)

Meandering can be thought of as naturesway of adjusting its energy (dope) to the variableinputs
of water and sediment. Cutoffs (oxbow lakes) and abandoned courses in the floodplain attest to the
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dynamic behavior of rivers. Oftentimes the engineer or scientist draws the erroneous conclusion that a
dis-equilibrium condition exist because naturd cutoffs are occurring. However, this type of dynamic
behavior is quite common in rivers that are in a Sate of dynamic equilibrium. In this Stuation, as naturd
cutoffs occur, theriver may be obtaining additiona length € sewhere through meandering, with the net result
being that the overadl reach length, and therefore dope, remains unchanged.

Insummary, astableriver, from ageomorphic perspective, isone that has adjusted itswidth, depth,
and dope such that there is no significant aggradation or degradation of the stream bed or significant
planform changes (meandering to braided, etc.) within the engineering time frame (generaly less than aoout
50 years). By this definition, a stable river is not in a static condition, but rather isin a Sate of dynamic
equilibrium where it is free to adjust laterdly through bank eroson and bar building. This geomorphic
definition of Stability (dynamic equilibrium) is developed here to establish a reference point for the
discusson of system and locd ingtahility in the following sections.

34.2 SYSTEM INSTABILITY

The equilibrium of ariver system can be disrupted by variousfactors. Oncethis occursthe channel
will atempt to re-gain equilibrium by making adjusmentsin the dependent variables. These adjustments
are generaly reflected in channel aggradation (increasing bed eevation), degradation (decreasing bed
elevation), or changes in planform characterigtics (meander waveength, snuosty, etc.). Depending upon
the magnitude of the change and the basin characteristics (bed and bank materiad's, hydrology, geologic or
man-made controls, sediments sources, etc.) these adjustments can propagate throughout the entire
watershed and even into neighboring systems. For this reason, the disruption of the equilibrium condition
will be referred to as system ingahility.

As defined above system indability is a broad term describing the dis-equilibrium condition in a
watershed. Systemingtability may be evidenced by channel aggradation, degradetion, or planform changes.
This manua does not atempt to provide a complete discusson of al aspects of channel response, but
rather, focuses primarily on the degradationa and planform processes because these have the most
sgnificant impact on bank stability. For a more complete discussion of channel processes, the reader is
referred to Simons and Sentiirk (1992), Schumm (1972), Richards (1982), Knighton (1984), and Thorne
et al. (1997).

Before the specific causes are addressed, a brief discussion of the consequences of system
ingahility is necessary. The consequences of system ingtability can generdly be discussed in terms of two
components: (1) hydraulic consequences, and (2) geotechnica consequences. The consequencesof system
ingability are illudrated in Figure 3.20. The hydraulic consequences of system ingtability are usudly
reflected in increased energy (discharge and dope) whichresult in excessive scour and erosion of the bed
and banks. This erosion endangers bridges, buildings, roads, and other infrastructure, undermines
pipeine and utility crossngs, resultsin the loss of lands
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(@) Bed and Bank Instability

(b) Formation of Gulliesin Hoodplain
Figure 3.20 Consequences of System Ingtability
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(d) Excessive Sediment Deposition in Lower Reaches of Watershed

Figure 3.20 (cont.) Consequences of System Ingtability
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adjacent to the stream, and generates a sgnificant amount of sediment that is ultimately deposted
downstreamin navigation and flood control channels. The geotechnical consequences of system ingtability
are adirect function of the hydraulic consequences of bed lowering. As degradation proceeds through a
system, the channel bank heights and angles are increased, which reduces the bank stability with respect
to massfailures under gravity. If degradation continues, eventualy the banks become ungtable and fail.
Bank failuresmay then no longer belocdized inthe bendways, but rather may aso be occurring dong both
banks in straight reaches on a system-wide basis. When this occurs, conventiona bank stabilization
measures are generaly not suitable, and a more comprehensive trestment plan involving grade control or
flow control dams, diversion structures, etc., is required.

3.4.2.1 Causes of System Instability

The stability of achanne system can be affected by anumber of natura or man-induced factors.
Natura geologic processes obvioudy cause dramatic changes but these changes generally occur over
thousands or perhaps millions of years and, therefore, are not often adirect concern to theindividuad trying
to sabilizeastreambank. However, channe sysemsare sgnificantly impacted within theengineering time
span by the natura forces of earthquakes or volcanic eruptions. Although these phenomenon may have
catastrophic  consegquences and receive considerable media attention, the most commonly encountered
system ingtability problems can generdly be attributed, at least in part, to man's activities.

Any time one or more of the controlling variables (runoff, sediment loads, sediment sze, channdl
dope, €tc.) in a watershed are dtered there is a potentid for inducing system ingtability. The particular
system response will reflect the magnitude of change and the existing morphologica sensitivity of the
sysem. Therefore, each system is unique and there is no stlandard response that appliesto dl stuations.
With thisin mind, it is not practica to attempt to discuss dl the possible scenarios of channel response.
Rather, theam of thisdiscussonisto present some of the more common factors causng system ingtability,
and to illustrate how a particular channd response might be anticipated using the stability concepts
discussed earlier.

A ligt and brief discussion of some of the more common causes of system ingtability are presented
in the following sections. For this discussion the causes have been grouped into three categories. (1)
downstream factors, (2) upstream factors, and (3) basin-widefactors. Followingthis, abrief discussonis
presented concerning complex response and the complications involved when a system is subjected to
multiple factors.

Downstream Factors. The tability of a channd system can be significantly affected by a
downstream base |l evel lowering. Base leve refers to the downstream controlling water surface or bed
elevation for a stream. One of the most common causes of base levd lowering is the implementation of
cutoffs or channelization as part of channd improvement projects (Figure 3.21). As indicated by Lan€e's
relation (Figure 3.19), theincreased dope must be offset by one of the other variables. Consequently, there
is an imba ance between the sediment trangport capacity and supply. If the discharge and bed materid are
assumed to remain congtant (which may not always be the case), then the channd must adjust to the
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increased dope (i.e., sediment transport capacity) by increasing its bed materia load. This increased
sediment load will be derived from the bed and banks of the channd in theform of channel degradation and
bank erosion. As the bed continues to degrade, the zone of increased dopewill migrate upstream and the
increased bed materid load is transmitted downstream to drive aggradationd ingtability.

Figure 3.21 Channelized Stream and Abandoned Old Channel

The manner in which degradation migrates through a channd system is a very complex process.
Beforethis processisdiscussed some of therelevant terminology must first be addressed. The following
definitionof termsis based on the terminology used by Schumm et al. (1984). Channd degradation smply
refers to the lowering of the channe bed. Feld indicators of degradation occur in the form of
knickpointsor knickzones. A knickpoint isalocation on the thaweg of an abrupt change of eevation and
dope (Figure 3.22). Thismay dso be visudized as awaterfdl or vertica discontinuity in the stream bed.
A steep reach of channd representing the heedward migrating zone is referred to as aknickzone (Figure
3.23). A knickzone is often composed of a series of smdl knickpoints. Knickpoints and knickzones are
often referred to as headcuts. While headcut is acommonly used term, it does generate some confusion
because it is S0 used as a description of the headward migration process of degradation. To avoid this
confusion the field indicators of degradation (knickpoints and knickzones) will not be referred to as
headcuts. Rather, a headcut (or headcutting) is defined as a headward migrating zone of degradation.
This headcutting may occur with or without the formation of knickpoints or knickzones which are purdy
afunction of the materials encountered.
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Figure 3.22 Knickpoint in a Degrading Channd

Figure 3.23 Knickzone in a Degrading Channel
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Once headeutting is initiated it may proceed rapidly through the system. The rate of headward
advance is a direct function of the materials encountered in the bed and aso the basin hydrology. If the
channd bed iscomposed primarily of non-cohesive sands and silts, then no knickpoints or knickzoneswill
form and headcutting will work upstresm by pardle lowering of the bed. However, if consolidated
materids such as clays, sandstones, or other resstant materias occur in the channel bed, then knickpoints
or knickzones will form as degradation encounters these resistant layers. When this occurs the headward
migration rate may dow congderably. Therefore, the dominant factor affecting the headward migration
rate is the rdative resstance to erosion of the bed materids, and to a lesser degree the discharge in the
Stream.

As degradation migrates upstream it is not restricted to the main stem channel. When headcutting
passes tributary junctionsit lowers the base level of these streams. This initiates the degradation process
for the tributaries. The localized increased dope a the confluence produces an excess sediment transport
capacity that results in degradation of the stream bed. This process can continue upstream rejuvenating
other tributaries until the entire basin has been affected by the downstream base level lowering.

Upstream Factors. System ingability is often initiated by upstream dterationsin the basin. This
may result from a change in any of the controlling variables, but is most commonly associated with
modifications to theincoming discharges of water and sediment. Looking a Lane's balance (Figure 3.19)
it can be seen that elther an increase in the water discharge or a decrease in the sediment load can initiate
channdl degradation. These factors are often dtered by dams or channel diversons. A brief discusson of
the effects of these features on the channd ability follows.

Channd response to flow regulation may vary considerably depending upon the purpose and
manner of operation of the dam. Congtruction of adam has adirect impact on the downstream flow and
sediment regime. Channd adjustments to the dtered flow duration and sediment loadsinclude changesin
the bed materid (armoring), bed devation, channd width, planform, and vegetation. Lanesbadance (Figure
3.19) indicates that a reduction in the discharge and sediment load, as might be expected downstream of
a dam, tends to produce counter-acting results. Consequently, the response of a channel system to dam
congtruction is extremey complex. The specific channd response will depend upon the magnitude of
changes in the flow duration and sediment loads, and the existing channd regime downstream of the dam.
Therefore, channed response downstream of adam is very complex and may vary from stream to stream.
Genadly, theinitia response downstream of adam isdegradation of the channel bed closeto thedam and
sedimentation further downstream due to increased supply from the degrading reach. Thisis the typicd
response most commonly anticipated downstream of adam. Degradation may migrate downstream with
time, but generdly it is mog sgnificant during the first few years following dosure of the dam. In some
gtuations, achannd may shift from adegradetiond to an aggradationa phasein responseto dopeflattening
due to degradation, increased sediment inputs from tributaries and bed and bank erosion, and reduction
in the dominant discharge.

System ingtability can aso be introduced by the diversion of water into or out of the stream.
Channd diversgon structures are designed to divert a portion of the water and/or sediment from a
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stream and deliver it to another location. Diversons are often needed for water supply, irrigation,
hydropower, flood control, or environmenta reasons. The system effects and complexities are Smilar to
those downstream of mgor dams. According to Lane's balance the sediment load in the recelving stream
will be increased due to extra, trangport capacity of the increased discharge. In time, the erosion of bed
sediments decreases as the dope is reduced through bed degradation.

An increase in discharge due to a flow diverson can have a Sgnificant impact on the channd plan
form aswel asthe verticd sability. Schumm (1977) proposed a quditative reation smilar to Lanesthat
included meander wavelength. His rdation sates that:

bdL

S

where Q isthe discharge, b is the width, d isthe depth, Sisthe dope, and L is the meander wavelength.
The above rdation indicates that an increase in discharge may result in an increase in the meander
waved ength which would be accomplished through accelerated erosion of the streambanks. Therefore,
whenever diversons such as this are proposed the potentia for increased meander activity must be
consdered. If astream isin the process of increasing meander wavelength, then stabilization of the bends
aong the exigting dignment is likely to be unsuccessful and is not recommended.

Basin WideFactors. Sometimes the changes in the controlling variables can not be attributed to
aspecific upstream or downstream factor, but rather are occurring on abasin-wide basis. Thisoften results
from a mgor land use change or urbanization. These changes can sgnificantly modify the incoming
discharge and sediment loadsto achannd system. For example, urbanization can increase pesk flowsand
reduce sediment ddlivery, both of which would tend to cause channd degradation in the channd system.
A land use change from forest to row crop on the other hand might cause a significant increase in the
sediment loading resulting in aggradation of the channd system.  Unfortunady, it is difficult, if not
impossible, to predict when basin wide changes such asthese will occur. Therefore, the best the designer
can do in most casesisto smply try to design the bank protection measures to accommodate the most
likey future changes in the watershed. For ingtance, if there is a possihility of future urbanizetion in the
upper watershed, then additiona launching ssone may be needed to protect the bank from the destabilizing
impact of any future bed lowering.

3.4.2.2 Complexitiesand Multiple Factors

Lane's baance and other geomorphic analyses of initid morphologica response to system
disturbance provide asimple quditative method for predicting the channel responseto an dtered condition.
However, it does not take into account the magnitude of the change and the existing morphol ogic condition
of the stream. For instance, according to Lane's baance achannd cutoff should induce degradation. While
this is often the case, there are many examples where there may be no observable change in the channe
morphology following the congtruction of cutoffs. Brice (1981) documented the stability of streamsat 103
gtesin different regions of the United States where channels had been rel ocated. He found that following
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the cutoffs 52% of the channels showed no change, 32% showed improvement, and 16% exhibited channe
degradation. This study indicates that predicting the channel response to cutoffsis not nearly assmple as
might beinferred from Lanésbaance. Therefore, the designer should dways be aware of the consderable
uncertainties that exist when attempting to predict, even in quditative terms, the behavior of river systems.

Previous discussions have focused primarily ontheinitial response of achanne to various dterations
inthewatershed. However, it must be remembered that the entire watershed is connected and that changes
in one location can, and often do, affect the channel stability a other locations, which in turn provides a
feedback mechanism whereby the origind channel response may be dtered. For example, the initid
response to abase level lowering due to channdization may be channel degradation. However, as this
degradation migrates upstream the sediment supply to the downstream reach may be sgnificantly increased
due to the upstream bed and bank erosion. Thisincreased sediment load coupled with the dope flattening
due to the past degradation may convert the channel from a degradationa to an aggradational phase.
Multiple response to asingle ateration has been referred to as complex response by Schumm (1977).

Another complicating factor in assessng the cause and effect of system ingtability isthat very rardly
is the ingtability a result of a single factor. In a watershed where numerous dterations (dams, levees,
channdlization, land use changes, etc.) have occurred, the channe morphology will reflect the integration
of al these factors. Unfortunatdly, it is extremdy difficult and often impossible to sort out the precise
contributions of each of these components to the system ingtability. The interaction of these individua
factors coupled with the potentid for complex response makes assessng the channd sability and
recommending channd improvement fegtures, such as bank protection, extremdy difficult. There are
numerous qualitative and quantitative proceduresthat are available. Regardless of the procedure used, the
designer should aways recognize the limitations of the procedure, and the inherent uncertainties with
respect to predicting the behavior of complex river systems.

343 LOCAL INSTABILITY

For this discusson local ingability refers to bank erosion that is not symptomatic of a
dis-equilibrium conditionin the watershed (i.e., system ingability) but results from site-specific factorsand
processes. Perhaps the most common form of local ingtability is bank erosion dong the concave bank in
ameander bend whichisoccurring as part of the naturd meander process. Locd ingtability doesnot imply
that bank eroson in a channel system is occurring at only one location or that the consegquences of this
erosion are minimal. As discussed earlier, eroson can occur dong the banks of a river in dynamic
equilibrium. In these ingances the loca eroson problems are amenable to loca protection works such as
bank stabilization measures. However, loca ingtability can also exist in channds where severe system
ingability exists. In these Stuations the local erosion problems will probably be accelerated due to the
system ingability, and a more comprehensve treatment plan will be necessary.
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3.4.3.1 Overview of Meander Bend Erosion

Depending upon the academic training of the individud, streambank erosion may be considered
as either ahydraulic or ageotechnical process. However, in most instances the bank retreet is the result
of the combination of both hydraulic and geotechnical processes. The materia may be removed grain by
gran if the banks are non-cohesive (sands and gravels), or in aggregates (large clumps) if the banks are
composed of more cohesve materid (dltsand clays). Thiserosion of the bed and bank materid increases
the height and angle of the streambank which increases the susceptibility of the banksto massfailure under
gravity. Once mass falure occurs, the bank materid will cometo rest dong the bank toe. Thefailed bank
materid may be in the form of a completely disaggregated dough deposit or as an amogt intact block,
depending upon the type of bank materid, the degree of root binding, and the type of falure (Thorne,
1982). If the failed materid is not removed by subsequent flows, then it may increase the sability of the
bank by forming a buttress at the bank toe. This may be thought of as a naturd form of toe protection,
particularly if vegetation becomes established.  However, if thismateria isremoved by the flow, then the
gability of the banks will be again reduced and the failure process may be repested.

As noted above, eroson in meander bendsis probably the most common process responsible for
local bank retreat and, consequently, isthe most frequent reason for initiating abank stabilization program.
A key dement in gabilization of aneroding meander bend is an understanding of the location and severity
of eroson in the bend, both of which will vary with stage and plan form geometry.

As greamflow moves through a bend, the velocity (and tractive force) aong the outer bank
increases. In some cases, the tractive force may be twice that in a straight reach just upstream or
downstream of the bend. Consequently, erosion in bends is generdly much greater than in sraighter
reaches. Thetractive force is dso greater in tight bends than in longer radius bends. This was confirmed
by Nanson and Hickin (1986) who studied the migration ratesin a variety of streams, and found that the
erosionrate of meandersincreases astheradius of curvature to width ratio (r/w) decreased below avdue
of about 6, and reached amaximum inther/w rangeof 2to 3. Biedenharn et al. (1989) studied the effects
of riw and bank materia on the eroson rates of 160 bends dong the Red River in Louisana and dso
found that the maximum erosion rateswere observed inthe r/w range of 2to 3. However, theconsiderable
scatter in their dataindicate that other factors, particularly bank materid composition, were aso modifying
the meander process.

The saverity and location of bank erosion aso changeswith stage. At low flows, the main thread
of current tends to follow the concave bank adignment. However, asflow increases, the flow tendsto cut
across the convex bar to be concentrated against the concave bank below the apex of thebend. Friedkin
(1945) documented this processin a series of |aboratory tests on meandering in dluvid rivers. Because
of this process, meanders tend to move in the downvalley direction, and the zone of maximum eroson is
usudly in thedownstream portion of the bend dueto the flow impingement at the higher flows. Thisexplains
why the protection of the downstream portion of the bend is so important in any bank stabilization scheme.
The materia eroded from the outer bank is trangported downstream and is generaly deposited in the next
crossing or point bar. Thisprocessaso resultsin the deposition of sediment aong the upper portion of the
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concave bank. This depositiond feature is often a good indicator of the upstream location to start abank
protection measure.

3.4.3.2 Streambank Erosion and Failur e Processes

The terms streambank erosion and streambank failure are often used to describe the remova of
bank materid. Erosion generaly refers to the hydraulic process where individud soil particles at the
bank’ s surface are carried away by the tractive for ce of the flowing water. Thetractive force increases
as the water velocity and depth of flow increase. Therefore, the erosive forces are generdly greater a
higher flows. Streambank failure differsfrom erason in that ardatively large section of bank falls and
dides into the channdl. Streambank failure is often considered to be a geotechnical process. A detailed
discussion of the eroson and failure processes discussed below is provided by Thorne (1993).

| dentifying the processes responsible for bank eroson isnot an easy task and often requires some
training. The primary erosion processes are pardld flow, impinging flow, piping, freezelthaw, sheet
erodon, rilling/gullying, wind waves, and vessd forces. These erosiona forces are illugtrated in Figures
3.24 through 3.30 and discussed below.

Paralle flow erosionisthe detachment and removal of intact grains or aggregates of grainsfrom
the bank face by flow aong the bank. Evidence includes. obsarvation of high flow veocities dose to
the bank; near-bank scouring of the bed; under-cutting of the toe/lower bank relative to the bank top;
afresh, ragged appearance to the bank face; absence of surficia bank vegetation.

Impinging flow eroson is detachment and removal of grains or aggregates of grains by flow
attacking the bank at asteep angleto thelong-stream direction. Impinging flow occursin braided channdls
where braid-bars direct the flow strongly againgt the bank, in tight meander bends where the radius of
curvature of the outer bank is less than that of the channd centerline, and at other locations where an
in-stream obstruction deflects and disrupts the orderly flow of water. Evidence includes. observation of
high flow velocities gpproaching the bank a an acute angle to the bank; braid or other bars directing the
flow towards the bank; tight meander bends; strong eddying adjacent to the bank; near-bank scouring of
the bed; under-cutting of the toe/lower bank relative to the bank top; afresh, ragged appesarance to the
bank face; absence of surficia bank vegetation.

Piping is caused by groundwater seeping out of the bank face. Grains are detached and entrained
by the seepage flow (also termed sgpping) and may be transported away from the bank face by surface
run-off generated by the seepage, if there is sufficient volume of flow. Piping is especidly likely in high
banks or banksbacked by thevalley sde, aterrace, or some other high ground. Intheselocationsthehigh
head of water can cause large seepage pressures to occur. Evidence includes.  pronounced seep lines,
epecidly dong sand layers or lenses in the bank; pipe shaped cavities in the bank; notches in the bank
associated with seepage zones and layers; run-out deposits of eroded materia on the lower bank. Note
that the effects of piping eroson can easly be mistaken for those of wave and vessel force erosion
(Hagerty, 1991a,b).
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Figure 3.24 Eroson Generated by Parald Flow

Figure 3.25 Eroson Generated by Impinging Flow
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Figure3.27 Eroson Generated by Freeze/Thaw
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Figure 3.28 Sheat Eroson with Rilling and Gullying

Figure 3.29 Erosion Generated by Wind Waves
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Figure 3.30 Erosion Generated by Vessel Forces

Freezelthaw is caused by sub-zero temperatures which promote freezing of the bank materid.
Ice wedging cleaves apart blocks of soil. Needle-ice formation loosens and detaches grains and crumbs
at the bank face. Freezelthaw activity serioudy weakens the bank and increasesits erodibility. Evidence
includes. periods of below freezing temperaturesin theriver valey; aloose, crumbling surface layer of soil
on the bank; loosened crumbs accumulated at the foot of the bank after a frost event; jumbled blocks of
loosened bank materidl.

Sheet erosion is the removd of a surface layer of soil by non-channdized surface run-off. It
results from surface water draining over the bank edge, especidly where theriparian and bank vegetation
has been destroyed by encroachment of human activities. Evidenceincludes: surface water drainage down
the bank; lack of vegetation cover, fresh gppearance to the soil surface; eroded debris accumulated on the
lower bank/toe area.

Rilling and gullying occurs when there is sufficient uncontrolled surface run-off over the bank to
initidize channdized eroson. Thisis especidly likely where flood plain drainage has been concentrated
(often unintentiondly) by human activity. Typica locations might be near buildings and parking lots, stock
access pointsand aong stream-side paths. Evidenceincludes. acorrugated appearance to the bank surface
due to closely spaced rills; larger gullied channels incised into the bank face; headward eroson of smal
tributary gulliesinto the flood plain surface; and eroded materid accumulated on the lower bank/toein the
form of dluvid conesand fans.
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Wind waves cause velocity and shear stresses to increase and generate rapid water leve fluctuations
at thebank. They cause measurable erosion only on large rivers with long fetches which dlow the build
up of ggnificant waves. Evidence indudes. alarge channel width or along, sraight channe with an acute
angle between eroding bank and longstream direction; a wave-cut notch just above normal low water
plane; awave-cut platform or run-up beach around norma low-water plane. Notethat it iseasy to mistake
the notch and platform produced by piping and sapping for one cut by wave action (Hagerty, 1991a,b).

V essel for ces can generate bank erosion in anumber of ways. The most obvious way is through the
generation of surface waves at the bow and stern which run up againg the bank inasimilar fashion towind
waves. In the case of large vessds and/or high speeds these waves may be very damaging. If the Sze of
the vesd is large compared to the dimensions of the channd, hydrodynamic effects produce surges and
drawdown in the flow. These rgpid changes in water level can loosen and erode materia on the banks
through generating rapid pore water pressure fluctuations. If the vessels are relatively close to the bank,
propeller wash can erode materia and re-suspend sediments on the bank below thewater surface. Finaly,
mooring vessasadong the bank may involve mechanica damage by the hull. Evidenceincludes: useof river
for navigation; large vessels moving close to the bank; high speeds and observation of significant
vessdl-induced waves and surges, awave-cut notch just above the normd low-water plane; a wave-cut
platformor “ spending” beach around normal low-water plane. Notethat it iseasy to mistake the notch and
platform produced by piping and sapping for one cut by vessdl forces (Hagerty, 1991ab).

| ce rafting erodes the banks through mechanica damage to the banks due to the impact of ice-masses
floating in the river and due to surcharging by ice cantilevers during spring thaw. Evidenceincludes: severe
winterswithriver pronetoicing over; gougesand disruption to the bank line; toppling and cantilever fallures
of bank-attached ice masses during spring break-up.

Other erosion processes (trampling by stock, damage by fishermen, etc.) could be significant but itis
impossbleto lig them dll.

Serious bank retreat often involves geotechnica bank falures as wdl as direct eroson by the flow.
Such failures are often referred to as* bank doughing” or “caving,” but these terms are poorly defined and
their useisto bediscouraged. Examplesof different modes of geotechnica stream bank failureinclude soil
fdl, rotationd dip, dab fallure, cantilever falure, pop-out failure, piping, dry granular flow, wet earth flow,
and other failure modes such as cattle trampling (Figures 3.31 through 3.39). Each of theseis discussed
below.

Soil/rock fall occurs only on a steep bank where grains, grain assemblages or blocks fal into the
channel. Such failures are found on steep, eroding banks of low operationa coheson. Soil and rock fdls
often occur when a stream undercuts the toe of a sand, gravel or deeply weathered rock bank. Evidence
incdludes very steep banks; debris faling into the channd; failure masses broken into smal blocks, no
rotation or diding failures.

Shallow dlide isashdlow seated failure dong a plane somewhat parale totheground surface. Such
falures are common on banks of low coheson. Shallow dides often occur as
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Figure 3.32 Rotationd Sip
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Figure 3.33 Sab Falure

Figure 3.34 Cantilever Failure
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Figure 3.36 Fiping
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Figure 3.38 Wet Earth Flow
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Figure 3.39 Caitle Trampling

secondary faluresfollowing rotationd dipsand/or dab failures. Evidenceincludes: weakly cohesive bank
materids, thin didelayersrdativetother areg; planar failure surface; no rotation or toppling of failure mass.

Rotational dip isthe most widely recognized type of massfalure mode. A deep seated failure
aong acurved surface resultsin back-tilting of the failed masstoward the bank. Such failuresare common
in high, strongly cohesive banks with dope angles below about 60°. Evidence includes: banks formed in
cohesive soils, high, but not especialy steep, banks, deep seated, curved failure scars; back-tilting of the
top of failure blocks towards intact bank; arcuate shape to intact bank line behind failure mass.

Slab-type block falureis diding and forward toppling of a deep seated mass into the channd.
Often there are deegp tension cracks in the bank behind the failure block.  Sab failures occur in cohesive
banks with steep bank angles greater than about 60°. Such banks are often the result of toe scour and
under-cutting of the bank by parale and impinging flow eroson. Evidence includes. cohesive bank
materias, steep bank angles; deep seated failure surface with aplanar lower dope and nearly vertica upper
dope; deep tension cracks behind the bank-line; forward tilting of failure massinto channel; planar shape
to intact bank-line behind faillure mass.

Cantilever failure isthe collgpse of an overhanging block into the channel. Such failures occur
in composite and layered banks where a strongly cohesive layer is underlain by a less resstant one.
Under-mining by flow erosion, piping, wave action and/or pop-out failure leaves an overhang which
collapses by a beam, shear or tendle failure. Often the upper layer is held together by plant roots.
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Evidenceincludes. composte or layered bank dratigraphy; conesve layer underlain by lessresstant layer;
under-mining; overhanging bank blocks; failed blocks on the lower bank and at the bank toe.

Pop-out failure results from saturation and strong seepage in the lower haf of asteep, cohesve
bank. A dab of materid in the lower haf of the steep bank face falls out, leaving an acove-shaped
cavity. The over-hanging roof of the alcove subsequently collgpses as a cantilever falure. Evidence
includes. cohesive bank materials, steep bank face with seepage area low in the bank; acove shaped
cavitiesin bank face.

Piping failure isthe collapse of part of the bank due to high groundwater seepage pressures and
ratesof flow. Suchfalluresarean extenson of the piping eroson process described previoudy, to the point
that thereis completeloss of strength in the seepagelayer. Sections of bank disintegrate and are entrained
by the seepage flow (sapping). They may be trangported away from the bank face by surface run-off
generated by the seepage, if there is sufficient volume of flow. Evidenceincludes. pronounced seep lines,
especidly dong sand layers or lensesin the bank; pipe shaped cavities in the bank; notches in the bank
associated with seepage zones, run-out deposits of eroded material on thelower bank or beach. Notethat
the effects of piping falure can easly be mistaken for those of wave and vessdl force erosion.

Dry granular flow describes the flow-type failure of adry, granular bank materid. Other terms
for the samemode of fallureareraveling and soil avdanche. Such failures occur when anoncohesive bank
a close to the angle of repose is undercut, increasing the loca bank angle above the friction angle. A
carpet of grains rolls, dides and bounces down the bank in alayer up to afew grainsthick. Evidence
incdludes noncohesive bank materids, bank angle close to the angle of repose; undercutting; toe
accumulation of loose grainsin cones and fans.

Wet earth flow falureis the loss of strength of a section of bank due to saturation. Such failures
occur when water-logging of the bank increases its weight and decreases its strength to the point that the
s0il flows as a highly viscous liquid. This may occur following heavy and prolonged precipitation,
snow-médt or rapid drawdown inthe channd. Evidenceincludes: sectionsof bank which havefailed a very
low angles; areas of formerly flowing soil that have been preserved when the soil dried out; basal
accumulations of soil showing deltarlike patterns and structures.

Other falure modes could be Sgnificant, but it isimpossbleto list them dl. Cattletrampling isjust
one example of a common failure mode.

35 CLOSING

In planning a project dong a river or sream, awareness of even the fundamentas of
geomorphology and channel processes alows you to begin to see the relationship between form and
process in the landscape. Go into the field and take notes, sketches, pictures - and above dl, observe
carefully, think about what you are seeing, and use thisinformation to infer the morphologicad satus of the
river. Whenyou areinthefield, look at your surroundings and try to establish a connection between what
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you see (form) and why it is there (process). Then you will begin to have some understanding and can
perhaps begin to predict what sort of changes may result if your project atersthe flow patterns. Thenyou
are beginning to think like a geomorphologist. Dr. Eingein (1972) sad in the closng comments of his
retirement symposium:

Itisin the field where we can find out whether our ideas are applicable, where we
can find out what the various conditions are that we have to deal with, and where
we can also find out what the desired improvements are.
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CHAPTER 4

CHANNELIZATION AND CHANNEL
MODIFICATION ACTIVITIESAND IMPACTS

This chapter introduces generd categories of channdization and channd modification projectsaong
with activities implemented to achieve project god's and to offset adverse impacts.

Channd modificationactivitieshave avariety of impactson riverine processes and the associated
riparian ecology and terredtrid environment.  These activities can impact river morphology and related
ecology for many years after congtruction.  Projects undertaken to straighten, enlarge, or relocate the
channd indluvid river sysemscan initiate channd ingtability thet ultimetdly leadsto stream bank ingtability.
Theresulting bed and bank erosion produces changesin therates and paths of sediment erosion, transport,
and depogition within the river sysem Accelerated eroson and sedimentation processes resulting from
channd modification activities can be detrimentd to the infrastructure such as bridges or roadways. Bank
erosion and bank fallure results in aloss of riparian habitats as well as commercidly vaued red edtate
adjacent to the stream. Degradation of the bed resultsin aloss of native substrate and a reduction in the
diversty of aguatic habitats. The downsiream migrationand subsequent deposition of sedimentsresulting
from channd and streambank erosion can adversaly impact thein-stream habitat of floraand fauna. Shields
and Palermo (1982) present the following Six areas of adverse environmentd effects of channdization:

1) Lossof aguatic habitat or reduction in aguatic habitat diversity;

2) Lossof terredtrid habitat or reduction in terrestrid habitet diversity;

3) Increased sediment concentrations and turbidity due to bed and bank instability;

4) Reduction of aesthetic vaue of streams and riparian habitat;

5) Water quality degradation, principaly due to increasing water temperature and suspended
sediment concentration; and

6) Changesinthe stream related hydrology such asfluctuating water levels, draining of wetlands,
and increesing uniformity of flow conditions.

Channd modification activities have deprived wetland and estuarine shordlines of enriching
sediments, changed the ability of naturd systemsto both absorb hydraulic energy and filter pollutants from
the surface waters, and caused interruptionsin the different life stages of aquatic organisms (Sherwood et
al., 1990). A frequent result of channdlization and channd modification activitiesisadiminished suitability
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of in-stream and riparian habitat for fish and wildlife. Clearing of banks dong waterways has diminated
in-stream and riparian habitats, decreased the quantity of organic matter entering aguatic systems, dtered
the water temperature, and increased the movement of non-point source pollutants from the upper reaches
of watershedsinto river systlems and ultimately coastal waters. Excavation projects can result in reduced
flushing, increased suspended sediment loads, lowered dissolved oxygen levels, sdtwater intruson, loss
of riparian vegetation, accelerated discharge of pollutants, and changed physical and chemica
characterigtics of bottom sediments in surface waters surrounding channelization or channd modification
projects. Reduced flushing, in particular, can increase the deposition of fine-grained sediments and
associated organic materids or other pollutants. Confining river channds to reduce overbank flooding
resultsin a reduction of sediment needed to nourish riverine and estuaries, wetlands and riparian areas and
acce eratesthe ddivery of suspended sedimentsto coastdl and near coastal waters during high flow events.
Congtruction activities that support channel modification projects can have adverse impacts on both river
processes and the environment. Clearing of terrestrial and riparian vegetation resultsin aloss of habitat and
can accelerate runoff and subsequent erosion of the banks.

Channel modification projects are designed and implemented to provide abenefit to the surrounding
areas, whether for preventive measures such as flood control or economic measures such asmining. The
adverse impacts associated with channel modification activities can be systematically addressed with
specific remedid practices to reduce or diminate the severity of impacts.

41  CHANNELIZATION AND CHANNEL MODIFICATION PROJECT CATEGORIES

Channel modification projects will involve activities that ater channd parameters such as length,
width, depth, dope, discharge, sediment size, or sediment discharge. 1n Chapter 3, the concepts of channel
gability and system equilibrium were discussed. Lane' s Baance was presented as a methodology for
quditatively determining channel stability as discharge, sediment discharge, dope, and sediment Size are
changed due to channd modification activities. The following project category descriptions provide a
broad overview of the need for projects, and the generd activities that are implemented to accomplish the
project gods. The concepts embedded in Lane' s Bdance gpply to channd modification activities that
involve changing the variables criticd for channd sability.

411 FLOOD CONTROL AND DRAINAGE

Channel modification activitiesfor flood control are designed and implemented to insure that flood
flowsremain within acceptable levels. Methods areimplemented to either convey, confine, or control flood
discharge. The projects reduce the channel resistance to flow, provide flood water storage, bypass the
flood flows, or atificidly confine the flowswithin the origind channd. This can generdly be accomplished
by removing obstructions from the channd, straightening the channd, enlarging or degpening the channd,
or congructing impoundments, diverson channds, or levee sysems. Although these are logicd
methodol ogiesto consider, and will improve flood defense, each can potentidly dter the equilibrium of the
channd.
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4.1.2 NAVIGATION

The primary objective of channd modification to support navigation isto establish and maintain
an adequate navigable depth. Rivers that have sufficient naturd flows to support commercia navigation
utilize dredging operations and in-channd training structures to remove accumulated sediment within the
channe to maintain anavigable depth. River systemswith flows regulated by Dams provide opportunities
for navigation by providing periodic adequate flows by regulated releases through the dam. It isnot only
critical to maintain project depth, but aso control migration of the channel thalwag, bendways, and channe
sgnuosty to insure project dimensions for safe navigation.

4.1.3 SEDIMENT CONTROL

Although sediment trangport in an dluvia channd is considered a natural phenomenon, sediment
can be classified as a non-point pollutant, and sediment may be present in excessve quantities that have
damaging effects on the environmenta and physical aspectsof river systems. Excessve sedimentation can
result from eroson and runoff resulting from man-induced practices such as mining, farming, devel opment,
congtruction, and channel maintenance activities. Excessve sediment can result from degradation of the
channel bed and sreambank erosion or failure resulting from river system ingabilities. In navigable
waterways, millionsof dollarsare expended annudly to remove accumul ated sedimentsfrom the navigation
channel. Depodition of sediments in sengtive biological communities can result in areduction of subgirate
diversty that inturn can affect the population of benthic invertebrates. Conversely, areduction of sediment
supplied to wetland environments adjacent to river syssemscan resultinland loss.  Kesel (1988) reports
that the decrease in suspended sediment loads in the Missssippi River combined with the construction of
atificdd levees has resulted in an acceleraing decline in Louidana coadtd land area.  Excessve
sedimentation reduces the capacity of flood control channels and can impact the infragtructure. Potable
water supply operations can be severely impacted by excessive suspended sediment concentrations.
Sediment control activities include sediment remova (dredging), the implementation of streambank and
channel gability projects, better construction methods, trgpping or storing sediments, structuresfor diverting
flow, construction of sediment retention dams, and increased use of protective vegetation.

4.1.4 INFRASTRUCTURE PROTECTION

Frequently, man-made structures such as buildings, bridges, and control structures are located
adjacent to channdsor tributaries. Channelization and channe modification projects can accderate eroson
processes and lead to damage or complete failure of an adjacent infrastructure. Excessive sediment
trangport and sedimentation can impact water supply and diversion operations. Locd channe and
sreambank gtabilization activities are implemented to halt channd and streambank degradation, and
subsequently protect structura foundations. Typica channd and bank protection activitiesinclude armoring
techniques such as lining banks and channels with riprap, the use of grade control structures to stabilize
eroding channels, and the use of training structures such as dikesto divert flows that impinge on structura
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foundations, Channd redlignment activities may be required to isolate the structure from degradationd
aress.

415 MINING

Mining operations typically associated with river systems include sand, grave, phosphate, metals
and other materids. Mining operations can affect in-channd, riparian, and terrestrid processes. Removal
of large quantities of sand, grave, or ore from the channel can lower the bed, thus initiate a bed
degradational processthat proceeds upstream. Theincreased sediment load istransported and deposited
downstream. Additiondly, mining operations can Sgnificantly increasse suspended sediment loads through
the mining process, and through the destruction of protective stream sSide and terrestria vegetation. Waste
products of mining operations may be deposited adjacent to the Streams, and may be re-deposited in the
channel during high water or sorm events. Generdly, both hydraulic and mechanica dredging activities
are associated with riverine mining activities.

4.1.6 CHANNEL AND BANK INSTABILITY

Ungtable riverine sysems result in accelerated loss of stream side habitats due to bed and bank
erosion, adverse impacts on aquatic habitats from increased sedimentation and turbidity, and a generd
decreases in the recregtiond value of the system. Channe modification activities are implemented to halt
or dow down processes associated with ingtability such asbank erosion and channel degradation. Grade
control structuresare congtructed in channelsto stop the degradational processfrom proceeding upstream.
Grade control structures include smple bed control structures, concrete drop structures, channd linings
or drop pipes(Watson et al., 1998). Stream banksare stabilized to hat erosion and bank failuresresulting
from locaized effects or overal system ingability. Typicd channd and bank stability techniques include
the use of surface armor for erosion protection, indirect methods such as dikes, weirs, and retards for
redirecting flows away from affected areas, and the use of vegetation for either direct or indirect erosion
protection.

417 HABITAT IMPROVEMENT AND ENHANCEMENT

Associated with channel modification projects are activities to improve an in-stream and riparian
habitat. Existing channels that have been modified for purposes such as flood control and drainage
frequently experience aloss of stream side and terrestrial vegetation, bed substrate, and in-stream habitat
divergty. Lossof stream Side vegetation can result in an increase in water temperature due to areduction
of shade, which impacts aquatic species that can only tolerate a narrow range of temperatures.
Additiondly, lossof protective vegetation increases stream bank erosion and transport of sediment into the
stream.  Increased sedimentation or eroson ratesresulting from channel ingtability can replace the existing
subgtrate with a more uniform subgtrate that is not conducive to a diverse colonization of agutic
invertebrates. Habitat improvement activities include re-introducing vegetation along the stream bank to
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provide needed protection and placing artificia structures such asboulders, grave, or slIsinto the channel
to provide the needed channd bed diversty for aquatic organismsto thrive.

4.1.8 RECREATION

Nationd policy requires full consderation of recrestion as a project purpose during the planning
of water resources development projects (Office, Chief of Engineers (OCE), 1982). Incorporation of
recregationa festuresin achannd modification plan not only provides project benefitsthat offset any adverse
impacts, but dso generates positive public perception of the project. Many recreationd facilities on channel
modification projects are cost shared withloca sponsors. Recreationa activities associated with channel
modification projects include creation of lakes or reservoirs for water ports such as boating and fishing,
naturetralsor study areas, and campgrounds. Channd improvementsmay beinitiated toimprovefisheries
and recreationa boating. Channels should be designed to provide adequate access, suitable low flow
depths, and as few obstructions as possble for recreationa navigation (Nunnaly and Shields, 1985).

419 FLOW CONTROL FOR WATER SUPPLY

Channel modification activities associated with water supply include the creation of impoundments
and diverson candswith associated flow control Structures. Dams and reservoirs have multiple uses such
asmunicipd water supply, flood water sorage, sediment storage, and recregtion. Diversion canas supply
water for irrigation, municipa water supply, and divert flood waters.

The congtruction of dams and associated reservoirs interrupts the natural sediment discharge of
the pre-dam river sysem. Dams dter the flow and sediment regime that can result in sgnificant
morphologica changesin downstream reaches. The bulk of incoming sediment is stored in the reservair.
Thus, the sediment discharge downdiream is minima. Additiondly, a reduction in discharge can occur
during dam operations to reduce flood peaks downstream. 1n accordance with Lane’' s Balance (Chapter
3), assuming that the flow and sediment Sze remains congtant, the reduction in sediment discharge results
in adecreasing channd dope. The reduction of water discharge, however, will dlow a steeper dope to
exis. Therefore, predicting the response of adownstream channel to dam flow control isextremdly difficult
due to these complexities (USACE, GDM-54, 199048). Additionally, water discharged through the dam
typicaly isat alower temperature, thus possibly limiting the habitat acceptable for native aguatic species.

Diverson cands can aso impact the gability of the river system by diverting water and sediment
from the main channd. Impacts include degradation of the bed and associated bank erosion and falure
and areduction in habitat diversity. Morphologica impacts occur for both the diverson channel and the
source stream. A reduction inflow in the main stream due to the diversion resultsin a decreased sediment
discharge, thus deposition occurs downstream of the diversion, assuming that the diversion doesnot change
the bed material load in the main channd. If a substantia bed materia load is diverted without a
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proportionate reduction in flow, then the bed and banks of the main stream may erode and enlarge the
crossection.

42 CHANNEL MODIFICATION ACTIVITIES AND ASSOCIATED IMPACTS

The previous section described the generd types of channel modification projects and related
impacts. This section will address specific activities that are implemented to achieve project goas or
address project environmenta concerns.  As previoudy described, activities that ater channel geometry
may create Sability problems. Each of the following activities is implemented to achieve some levd of
benefit to the surrounding community or region. Both the benefits and adverse impacts for each activity
are described.

4.2.1 SNAGGING AND CLEARING

Snagging and clearing activities are implemented to increase discharge capacity of channels for
flood control and drainage purposes and to prevent hazards to navigation or bridges. The increased flow
resstance due to the presence of vegetation and debris may increase the frequency and duration of
overbank flows. The god of the practice is to remove sufficient vegetation, debris, logs, sediment
blockages, large rocks, and other obstructions from the channel and adjacent banks to decrease flow
resstance. These obstructions retard flow by reducing the effective cross-sectiona area of the channel,
increasing the channe roughness, and trapping additiona debris, particularly during high flows (Shieldsand
Pdermo, 1982). Various methods are used for removing channel debris and obstructions.

For flood control on small streams, conventiond practice hasbeen to removeadl obstructionsfrom
the channel and to cdlear dl significant vegetation within a specified width on both sides of the channd
(Nunndly and Shidds, 1985). For smdl streams, clearing of the channd is accomplished with heavy
equipment such as bulldozers. On navigable streams, a floating plant may be utilized for the clearing
operation. Comprehensive guidelinesand practicesfor removing obstructionsfrom streams are presented
by the Stream Renovation Guiddines Committee, The Wildlife Society and American Fisheries Society
(1983). Thisguidanceisintended to aid in correcting stream flow problems caused by obstructionsin an
environmentaly sound manner and to maintain natura stream characterigtics.

4.2.1.1 Hydraulic Effects

The extent of the effect of clearing and snagging operations on channd discharge capacity isreated
to the degree of blockage prior to clearing. Potential stability and sedimentation responsesto clearing and
snagging are associated mainly with increased velocities, increased transport capacity, and with remova
of vegetation that may have acted locally aseroson protection. Effects on stability may beadversein some
locations and beneficid in others. The quditative effect on stability was demondirated using LanesBaance
as described in Chapter 3.
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4.2.1.2 Environmental Effects

Theremova of snagsand debrisreduces habitat diversity inthe channd. Increased velocitiesalow
deposits of leaves, twigs, and fine grained sediments to be washed downstream. These deposits are an
important habitat for many benthic species and in channds with sandy, shifting substrates form the only
suitable habitat. Remova of the vegetative canopy from streambanks may result in decreased shade and
resultant high stream temperatures, decreased input of organic matter such as leaves, and increased
photosynthesis in the stream (Shields and Pdermo, 1982). The remova of snags increases the mean
veocity of the stream, which may affect plankton production or erode away fine sediment that provides
subgtrates for specific kinds of benthic organisms.  Impacts on the macro invertebrate community will
ultimetely affect fish populationsthat depend on invertebratesfor food. The changein food resources may
result in afish population reduction or an undesirable changein speciescomposition. Additiondly, fish may
be adversely affected by the remova of snagsthat serve as cover and shelter.

Clearing large amounts of terrestrial vegetation can affect terrestrial communities. Populations of
mammds and reptiles that utilize streambank vegetation for shelter and feeding areas will decrease
accordingly. StudiesinVermont (Dodgeet al., 1977) and Mississippi (Arner et al., 1976) found mammal
track counts aong natura streams were amost twice as great as mamma track counts along streams that
had vegetation removed by snagging and clearing operations.

4.2.1.3 Remedial Practices

Adverse environmenta effectsmay be greatly reduced with little lossin flood control by limiting the
type and amount of snags and vegetation removed and by using construction methods that create only
minimd disturbance (Nunndly and Shields, 1985). Specific obstructions are designated for removal while
environmentaly valuable logs, snags, and vegetation that have little or no effects on flow capacity are left
in place. Planning and design of clearing and snagging operations should include an evauation of the
importance of the canopy to the stream community. Specifications may be written to redtrict the amount
and type of terrestrid vegetation to be removed. Additiondly, thetype of equipment used and the access
to the stream can be controlled by specification.

4.2.1.4 Operation and Maintenance of Snagging and Clearing Projects

Clearing and snagging operations require more frequent inspections than other flood control
projects, particularly in regions having long growing seasons. Regrowth of vegetation on cleared channdl
sides and top banks can sgnificantly increase ressance more than one or two years growing seasons.
Clearing and snagging projects should never be implemented on unstable streams with wooded banks
because of the high probability of future bank failureswith the subsequent re-introduction of debrisinto the
stream.
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4.2.2 CHANNEL ENLARGEMENT

Channd enlargement activities are generdly implemented when alarger increase in channd flow
capacity isrequired. Snagging and clearing operations are undertaken when decreasing flow resistance can
achieve the desired effect on flow capacity. Channd clean out involves changing the channd width, depth,
or both to support both flood control and navigation efforts. In small non-navigable streams, the channd
is generally accessed from the bank, with dragline operations used to increase channd width and depth.
For navigable streams or rivers, afloating dredge plant, either hydraulic or mechanicdl, isused. Thedegree
of excavation can rangefrom remova of afew shodsto an order of magnitude changein channd geometry.
The design of the new channd geometry is based on the desired flow rates, sediment transport
characterigtics, and bank stability.

4.2.2.1 Hydraulic Effects

Channdl enlargement operations result in a sgnificant change in flow capacity, and potentialy
impact channd gability. These channd modifications typicdly increase the cross sectional area (channel
widthand depth) and decrease channd roughness dueto remova of debrisand vegetation, thusincreasing
flow capacity. The concept of Lanes Balance presented earlier in chapter 3 indicates that for equilibrium
the supply of sediment must equa the flow capacity. For high flow events, the probable result of increasing
flowrate with the same sized sediment in the channel is a degradation of the bed and increased bank
eroson. Both upstream and downstream reaches are affected. The increased velocity in the enlarged
reach will result in scour from the bed and banks upstream, with the sediment delivered and deposited
downstream. For nomind flowsthat characterize the mgjority of theflow events, widening theriver results
inan over-designed channd with anincreased flow area. Thisresultsin reduced velocities, thusdecreasing
the sediment transport capacity that results in sediment deposition. In severe cases of over-widened
streams, channel bars or braided flow can occur at low discharges (Brookes, 1988). Deepening the
channd can lower tributary base levels, thusincreasing tributary dopes. According to Lane s Baance, if
the dope is steepened, the sediment trangport rate must increase for sability. Thisresultsin an upstream
migration of degradation of the channel bed often referred to asheadcutting. Materid excavated from the
channel and associated banks during cleanout operations can be used to build berms dong the banks for
additiona flood protection, but may further confine flows, thus exacerbating stability problems.

4.2.2.2 Environmental Effects

Like snagging and clearing, removing materid from the banks and the channel decreases habitat
diversty, thus negatively impacting the aguatic community. Typicaly, an enlarged channel will have a
uniform cross section, which destroys pools and riffles associated with naturd channels. The associated
loss of habitat divergaty can manifest itsdf by areduction in species diveraty or compostion, areduction
insze, digtribution, and condition of the population, or unnatura seasond variationsin populations (Gorman
and Karr, 1978). Theuniform geometry adong with the banks denuded of vegetation givesthe appearance
of a uniform, linear ditch that has very little aesthetic vadue. When channel clean out operations are
conducted from the bank, riparian vegetation can be damaged or removed that reduces habitats and
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potentidly increases streambank eroson.  Low flows in enlarged channels may not have the pools
necessary for aguatic organismsto thrive. Because of the low velocitiesin enlarged channdls, vegetation
may invade the channd and create a future channel maintenance problem.

Materid excavated from the enlargement operations may be used to congruct levees as a
management tool for providing additiona flood protection. In Louisana, materid excavated from channds
was used to prevent saltwater intrusion into a brackish coasta marsh (Scott, 1972). Levees will reduce
overbank flows, thus potentidly interfering with groundwater recharge and floodplain plant diversty.
Shiddsand Pdlermo (1982) ligt thefollowing environmental consequencesthat should be considered when
enlarging a stream:

1) Placement of excavated or dredged materid;

2) Cross-sectiond shape and uniformity;

3) Changesin subgtrate and subgtrate diversity;

4) Removd of channd armor;

5) High and low flow depths and velocities in the modified channdl;
6) Increased pesk flows downstream; and

7) Changesin stream-floodplain-groundwater interactions.

4.2.2.3 Remedial Practices

A method of enlargement that can reduce ingtability problemsisthe use of Sde berm cutsto form
atwo-stage channel (USACE, EM 1110-2-1418, 1994). Although it hasthe disadvantage of using more
adjacent land than smply enlarging the channd, it ismore effectivein conveying bed materid because higher
veocditiesare maintained at moderate discharges. Theleve of the berms should correspond to the channel
forming discharge under modified conditions. The sde bermdesignisdescribed by Nunndly and Shidds
(1985) as a high flow channd.

Before any environmenta improvement projects are undertaken, the system stability must be
addressed. The key to successful project implementation is to design a stable channd before enlarging
operations take place. A complete anadyss of the hydrologic, hydraulic, and sediment transport
requirements of the enlarged channd should be evauated before channd modifications commence.
Anticipated stability problems can then be addressed and resolved to prevent problems upstream and
downstream of the affected reach. A systematic approach to channel rehabilitation is presented in Chapter
2 of thismanud. Placing environmenta enhancements such as artificid structuresin an unstable reach of
the channd can result in atotd loss of the structures or inefficient or ineffective operation.

Efforts to reduce environmentd impacts should be incorporated into the desgn of channe
enlargement projects. Consderation should be given to reproducing or improving the habitat diversity of
the exigting stream, or preserving apart of the natural stream. In-stream diversity can beimproved in post-
congtruction channels by use of artificia structures. The purpose of atificia structuresisto restore habitat
and habitat diversity conduciveto the growth and re-population of desirable species. Inenlarged channds
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withshdlow depths and uniform unvarying substrates, artificial structures can reproducethe diversity of the
natura channel by creating dternating pool and riffle areas.  Examples of artificia structures include
randomly placed boulders, smdl check dams, artificid riffles, bank covers, and current deflectors (Shields
and Palermo, 1982). Care must be taken to avoid creating additiona channel ingtability problems dueto
increased roughness or scouring when using artificid structures. Single bank congtruction isthe preferred
technique for lessening environmenta impacts of channd enlargement (Nunnadly, 1985). The existing
channd dignment is followed with enlargement confined to one side. V egetation on the opposite bank is
left undisturbed. The disturbed bank is revegetated to reduce eroson and sedimentation in the channel.

Erosion of the stream bank can be addressed with bank protection works. Concrete lined
channels have been employed, but are typicaly much more expensive than stone coversand further reduce
the in-stream and riparian habitat.

4.2.2.4 Operation and Maintenance of Channel Enlar gement Projects

Aswith snagging and clearing projects, channd enlargement projects require periodic ingpections.
Effects of channd ingtability due to the dteration of channel geometry may need to be addressed upstream
and downstream of the project. Channel stability should be monitored for signs of aggradation,
degradation, and planform changes. Re-growth of vegetation may occur during periods of low flow that
may require periodic maintenance.

4.2.3 CHANNEL REALIGNMENT

Channe dignment is often performed in conjunction with clearing and snagging. It isthe process
of teking a Snuous channel and straightening it for the purpose of flood control, infrastructure protection,
or navigation. Additiondly, channel redignment activities are implemented to reduce loss of land by
meander migration. Channd redignment can be implemented in varying degrees.  An improved stream
dignment can be accomplished by removing shoaling areas such as point bars.  For flood control
applications, the channd may be straightened to increase the dope and reduce flow resistance, thus
increasing the capacity of the stream to convey floodwaters. This practice may involve cutting off large
meanders of the river, thus actualy shortening the river. The resulting cutoff generdly results in dope
adjusments for the affected reach. In some environments, streams with stable meanders, flat dopes and
erosion resstant boundaries can withstand consderable redignment without serious impacts on system
dability (Brice, 1981). In other systems, it can lead to serious problems of channd degradation, bank
erosion, and tributary incison. Lane (1947) describesthe response of an dluvid channd to asingle cutoff.
The channd upsiream of the cutoff will degrade asthe channe dope flattensto re-establish an equilibrium
dope a alower devation. The reach downstream of the cutoff aggrades due to the increased sediment
supply from the degrading reech. A comprehens ve description of theimpacts of man-made cutoffson the
Lower Missssippi River is provided by Biedenharn (1995).
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The benefitsfor flood control are increased conveyance of floodwaters. For navigation, astraight
channd reduces trangt time and the need for dredging point bars adjacent to bendsin theriver. Channel
realignment may be necessary to protect an infrastructure located near or on the stream bank.

4.2.3.1 Hydraulic Effects

Changes to a fluvid system, whether man made or naturd, tend to be absorbed by the system
through a series of channel adjustments (Simon and Hupp, 1987). Redignment of channels by creating
cutoffs generdly reduces the sinuosity and increasesthe dope. According to Lanes sBaance, if thedope
increases and the water discharge and median grain Size remains congtant in the stream, the sediment
trangport capability of the stream increases.  To gpproach equilibrium, the additiona sediment must be
obtained from either bed or bank degradation. As the bed continues to degrade, the zone of increased
dopewill migrate upstream. The additiona sediment load transported through the redligned reach will then
be deposited in lower reaches where the sope was not increased. Channel erosion migrates upstream in
the form of a headcut, which is a vertica discontinuity in the streambed.  The headcutting process is
described in Chapter 3. Bank erosionin the steepened reaches and aggradation in thelower reachestends
to increase the width/depth ratio. This sequence is the classic response to cutoffs described by Lane
(1947).

4.2.3.2 Environmental Effects

The environmenta impacts of redigning channels include many of the impacts of channd
enlargement and snagging and clearing. Overdl, the habitat diversity is reduced in the channel aswdl as
on the banks due to access problems with heavy equipment and clearing of vegetation.  The mgor
problems uniqueto channe redignment areincreased channd dopesdueto reduction in channd length and
the reduction in habitat diversity caused by creating cutoff meanders. Theincreased channd dope results
in an increased sediment transport capacity. The additional sediment requirement is met by degradation
of the bed and stream bank. The degradational process increases sediment loads and turbidity levelsthat
are detrimental to both benthic and in-stream aguatic organisms. Sediment deposition downstream of the
ungtable reach may smother benthic organisms. Ungtable, shifting substrates are not conducive to
maintaining macro invertebrate populations. Because of the decreasein light penetration in turbid waters,
photosynthesis is reduced and plant populations are impacted. Fish populations are directly impacted by
the loss of food resources.

Channd redlignment activities can result in asignificant loss of agquetic habitats. Cutoff meanders
resulting from channd draightening activities are a sgnificant backwater habitat. If the meanders are not
maintained, these will becomeisolated from the main channd due to sediment deposition at the confluence
with the main channd. The resulting oxbow lake will eventudly fill with runoff sediment and become
terredtria habitats. If the redligned channd is maintained, new meanders will not form to replace the lost
aquatic habitat. A large scale reduction in aguatic habitats will reduce the productivity of the system and
may impact the diversity and population of native aguatic organisms.
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4.2.3.3 Remedial Practices

The environmental impacts of channd redignment should be included in project design
condderations. An esimation and evauation of the losses of aguatic and riparian habitat should be
conddered if cutoffs will be formed during channel realignment. Flow should be maintained, if possible,
through the old meanders to prevent them from filling with sediment. The upstream migration of channe
degradation due to increased dopes resulting from shortening the channd isthe most sgnificant impact on
channd stability. 1t must be addressed before habitat restoration practices are applied. To mitigate bed
and bank erosion, grade control structures and bank stabilization techniques are implemented.

4.2.3.4 Operation and Maintenance of Channel Realignment Projects

Redigned or sraightened channels should be periodicaly inspected for Sgnsof indability. Grade
control and bank stabilization projects incorporated into the project should be ingpected and maintained
to insure proper function.

424 DREDGING AND MINING

Dredging isthe process by that sedimentsare removed from channdsfor the purpose of maintaining
exiging navigation (maintenance dredging) or degpening existing channds for deep draft navigation (new
work dredging). Dredging isaso utilized in baysand harborslocated dong riversor at theriver outletsthat
continuoudy shod with fine sediments.  Additiondly, dredging operations are used for mining sand and
grave fromrivers. Generdly, two different types of dredging operations are used for riverine dredging.
Hydraulic dredging operations consst of afloating plant that removes and transports sediments from the
channe bed using large centrifugd pumps. The pump suction line extends to the channd bed where the
sediment is hydraulicaly entrained, passed through the pump, and discharged to disposa. Disposd aress
caneither bewithin banks or located at inland confined Stes. For loosdly flowing coarse sediments, aplain
suction head is used to entrain the sediments. For more consolidated sediments, a rotating cutterheed is
employed to loosen the materia and feed the suction line. In someriverine environments, hopper dredges
areused. The hopper dredges are deep-draft seagoing vessals used primarily for maintenance dredging
in harbors or river outlets. Hopper dredges make successive passes over the problem area, degpening
progressively on each pass. The pumped materid is stored in hoppers in the dredge, and when fully
loaded, the dredge travels to a designated dump site in the ocean. It isonly effective for dredging loose,
unconsolidated material.

Mechanica dredging operations are generdly conducted in shalow areas containing loose or
consolidated sediments.  The operation involves excavating sediment with either abarge mounted power
shovel (dipper) or aclamshel bucket operation. Bucket capacities range from 1 to 12 cubic yards. The
materia is excavated and loaded into an adjacent barge that is towed to disposd.
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4.2.4.1 Hydraulic Effects

Continuous dredging causes a river bed to degrade until the balance between sediment load
supplied to the river reach and the sediment transport capacity is restored (Brookes, 1988). Deegpening
the river channd will lower tributary base levels, thusincreasing tributary dopes. Channel ingtability within
the tributary will result in degradation of the channd bed, increased sediment transport, and ultimately
deposition of sediment within the river. Channel deepening a so reduces the sediment trangport capability
of the river, thus degpened sections act as sediment traps and encourage sediment depostion. A study
reported by Griggs and Paris (1982) described increased sediment deposition due to channel degpening.
Within 10 years of completion of the U.S. Army Corps of Engineers flood channel on the San Lorenzo
River at Santa Cruz in Cdifornia, 350,000 cubic meters of sediment had been deposited. This reduced
the carrying capacity of the river from the designated 100-year flood to a 25-30 year flood. Thechannd
had been deepened by some 0.9 to 2.1 meters below the original bed elevation.

Mining operations that remove sand and grave from the channd bed result inalocdized lowering
of thebed. Thishastheeffect of increasing the d ope upsiream of the mining operation that inturn increases
the sediment transport capability of the river. Bed degradation advances upstream with sediment
aggradationoccurring downdream.  If sand and gravel mining isperformed a many locationsaong ariver,
the rate of sediment removed may exceed therate of replenishment. Thiscanresultinasignificant lowering
of the bed that increases the potentid for undermining foundations and bridge piers during mgor floods.
Frequent mining operations can adso remove the coarser fractions of sediment that are important for
amoring the bed and stabilizing the banks aong the river. From Lane s balance described earlier, a
reduction of sediment grain Size can result in degradation asthe channd flattensthe dopein order to satisfy
the increased transport requirements.

4.2.4.2 Environmental Effects

Dredging operations may increase turbidity at the point of dredging. Suspended sediment plumes
can migrate to sengtive areas such as fish and shell fish spawning grounds. Generdly, hydraulic dredging
operations with plain suction intakes operating in coarse sediment environment produce very littleturbidity.
Cutterhead dredging operations do tend to resuspend sediments around the rotating cutterhead, particularly
when working in fine sediments.  The turbidity generated can be minimized by reducing the speed of the
cutterhead and the swing rate of the dredge ladder (suction line). Mechanica dredges have the highest
probability of re-suspending sediments. Sediments are resuspended by leaking buckets and through the
uplift of sediments from the excavation area when the bucket or dipper israised. Environmenta dredge
buckets are available that have a positive pressure sedl to prevent leskage.

The mgor impact of dredging on biologica communitiesis the remova and subsequent changing
of the subgrate. For maintenance dredging in mgor river systems that have a continually moving and
shifting bed, thisisaminor concern. For new work dredging in channdsthat have higtoricaly had astable
substrate, theimpacts can be severe and permanent. Not only isthe substrate removed, the degpening will

87



Channelization and Channel Modification Activities and Impacts

make the area more conducive for sedimentation, and thus periodic dredging will be required to maintain
project depth. A stable substrate will no longer be available thus the diversity and suitability of the habitat
will be reduced, with native aguatic organisms displaced. Turbidity generated by dredging operations can
impact nearby fish and shell fish spawning grounds and inhibit plant growth.

4.2.4.3 Remedial Practices

To protect adjacent sendtive areas such as spawning grounds or vegetation, restrictions can be
placed on dredge operations. Redtrictions on dredge type and minimum turbidity generated can be
Specified in dredging contracts to insure that environmentaly sendtive areas are not impacted. Physical
barriers such as Silt screens can be used to contain the suspended sediment plume to the immediate area
surrounding the dredge. Specidty dredges designed to minimize turbidity are available.

Dredging induced channd ingtability is amilar to that resulting from channd enlargement and
realignment. Grade control structures and bank stabilization practices may be necessary to address bed
and bank erosion and ultimatdly stabilize affected reaches.

4.2.4.4 Operation and Maintenance of Dredging and Mining Projects

The river reaches that are maintained through dredging must be periodicaly surveyed to insure
navigable depth and width. The cost of dredging can be sgnificant. At the mouth of the Missssppi river,
dredging is conducted year round. The cost of alarge hydraulic dredge can cost more than $1,500 per
hour of operation. At low water or after aflood event, multiple dredges may be operating continuoudy
to insure safe navigation. Hydraulic dredgescomein avariety of Szesfor avariety of gpplications. Sxinch
to eight inch diameter pipdine dredges are generdly used for smdl waterways, cands, or lakes and
reservoirs, and arelimited in productivity and power. Smal hydraulic dredges can generdly be transported
to the dte by overland transportation. Costs of dredging include mobilization and de-mobilization, disposd
Site creationandpreparation, and general operating expenses.

4.25 CONSTRUCTION OF LEVEES

Leveesfdl into the generd category of embankments. Embankments, aso known asflood banks,

levees, bunds or stopbanks (Brookes, 1988), are constructed to artificialy increase the capacity of a
channd to confine high flows that otherwise would overtop the banks and spread over the floodplain.

Some of thelargest river systemsin the world have extensive levees. Levees extend more than 1,000 km
aong the Nile River and 1,400 km on the Red River in Vietnam. In the United States, levees are key
components of abasinwideaflood control planimplemented to protect communitiesand agriculturd areas
within the floodplain. Levees are used in conjunction with reservoirs, floodways, control structures, and

various channd modification activities to reduce and control the extent and duration of flooding.
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The design eevation of levees is based on containing a desgn discharge, generdly for a short
period of time. The levee cross section is generdly designed as atrapezoid, with an access road running
adong the levee crown. To control seepage, along, tapering berm may be extended on the landside of the
levee. Fill materid for leveesis generadly obtained locally from borrow areas adjacent to the riverside of
the embankment. Although the locd materids may not be idedly suitable for congtruction, economic
necessity dictatesitsuse.  Lessthan ided materias can be compensated for by congtructing larger levee
sections.

4.2.5.1 Hydraulic Effects

Levees can confineriver flowsto anarrower cross section, thus higher stages and discharge result
during flood flows. If leveesare not set back from the main channd, the hydraulic connectivity of theriver
is logt with the floodplain, thus confining flows and putting more energy into flow. A study reported by
Schumm (1977) estimated that levees and dikes on the middle Missssippi River had increased the stage
for adischarge of 800,000-900,000 cfs by approximately 10 ft at St. Louis, Missouri.

On un-leveed streams, flood flows spread out over the floodplain. Thefloodplain actsas storage
for the additiona flows. The congtruction of levees decreases the floodplain Storage, thus increasing the

peak discharge.

Channdl ingtabilities may arise from leveed streams because degradation of the bed and banks may
occur. Debate continues on the effect of levees on the Mississppi River. Aggradation may occur dueto
the increased sediment load in the main channd and the lack of availablefloodplain sediment storage. The
precise response is complex and is afunction of the width of levees, the effects on duration of flows, and
other factors.

The Midwest flood of 1993 initiated efforts to define a long term, nationwide approach to
floodplain management. The results of this effort are summarized in adocument commonly referred to as
the Galoway report (IFMRC, 1994). It presents an overview of floodplain management, current risks,
and the gpplication of structurd measures such as levees to minimize flood impacts.

Seepage isamgor problem with levees during high water. When water is contained on one Sde,
ahead differentid exigts across the levee. This tends to force water through the porous soil, eventualy
seeping out to the landward side of the levee. This seepage carries both fine and coarse particles through
thelevee. Thisinternd erosion of the levees can lead to piping through the levee and catastrophic failure.
To prevent excessve seepage, impervious barrier materias such asclay can be built into thelevee. Flows
from tributaries that are cut off from the river system due to levees must be addressed to prevent flooding
on the landward side of the levee. Pumping stations can be applied to divert tributary flows.
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4.2.5.2 Environmental Effects

Levees act asabarrier for overbank flows. On un-leveed streams, flows periodicaly flow onto
the floodplain depositing sediment, flushing riparian aquatic environments, and generdly providing vauable
habitat for aguatic organismsand waterfowl. Thefloraand faunaare adapted to periodic flooding and the
unique environment thet it creates. Confining stream flows within a levee system creates a dryer
environment on the landside of the levee system and a wetter environment on the stream sde. The dryer
environment resultsin changesin both floraand faunathat occupy thefloodplain. Studiesindicatethat after
alevee systems are congtructed, upland trees and vegetation colonize the floodplain.  The lands between
the levee and the stream bank will experience more prolonged flooding with more extreme fluctuationsin
water leved. This may inhibit the growth of ground cover, thus reducing the available habitat for ground-
dweling mammals (Fredrickson, 1979). For economica consderations, materia used to construct the
levees generdly are excavated from areas within the floodplain, resulting in vegetation remova and loss of
the habitat. The flat dopes used for levees in rura areas require large land requirements for the
embankments and berms.

4.2 5.3 Remedial Practices

To offset changesin riparian habitat, consideration is being given to the habitat provided by the
levees themselves and the adjacent borrow pits.  Traditionally, the vegetation on levees is kept to a
minmum.  Management of vegetation on leveeswasinvestigated on aproject dong the Sacramento River
(Daviset al., 1967). The results of the study indicated that with proper maintenance, certain species of
shrubs and plants could be dlowed to grow without affecting the integrity of the levee. Additiondly, the
study showed thet the cost of maintaining vegetation onthe levee was roughly twice the cost of traditiond
levee maintenance (no vegetation), and that  vegetation on levees provides the habitat for burrowing
animds that must be controlled. Borrow pits remaining from levee congtruction can serve as vauable
aqudic habitat. Normdly, the pitswill fill with rain water or groundwater after congtruction. Riversde
borrow pits will exchange water with the river system, thus recharging the pit with fish and other aguatic
organisms.  Thus borrow pits partidly compensate for the loss of aguatic habitat in the floodplain.
Additiondly, sting levees further from the channd will conserve wetland environments between the levee
and theriver.

4.2.5.4 Operation and Maintenance of L evees
Levees must be periodicaly inspected and maintained to provide the designed degree of flood
protection. Conditions affecting the integrity of the levee include erosion of the banks, seepage, and

damage from burrowing animds. Vegetaion planted on the levees for aesthetic reasons should be well
maintained. Other vegetation that may affect the integrity of the levee should be removed.
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4.2.6 DIVERS ON CHANNELS

Diverson channels are congtructed to divert waters from the main channd for purposes such as
flood control, municipa water supply, and irrigation. A type of diverson channd used for flood control
isaflood bypass channd or floodway. It is a separate channel into which flood waters are directed to
lessen the impact of flooding on the main river system. Diversion channels on large river sysems such as
the Missssippi River can congst of adjacent low-lying areasor old river courses. Control structures may
be located at the head of the diversion channd to divert flows during periods of high water and return flows
during low water. Some diverson channdsbypasstheflood flowsinto an adjacent waterway, while others
return the flows back into the same stream a distance downstream from the point of the diversion.
Diverson channds are often used in urban areas where it is not possible to widen the existing channd due
to development. Diverson channels may be used to provide a means of diverting floodwater across the
neck of a meander or series of meanders (Acheson, 1968). Mgor design consderations for diverson
channdsinclude 1) determining if the channd should convey partid or al flows 2) design of appropriate
controls 3) sizing of the channd to convey the design discharge and 4) design to reduce maintenance
(Nunndly, 1985). To be effectivein reducing the flood stage, the distance between the point of diversion
and point of return to the man channd must be of sufficient length to prevent backwater effects.
Additiondly, itisessentia to consder potentia morphologic effects on both the main channel and receiving
channd.

4.2.6.1 Hydraulic Effects

According to Nunnaly and Shields (1985), diverson channels generaly have steeper dopesthan
the main channdl. This can lead to sability problems such as erosion of the channel bed and banks. The
bed of tributary channels may be higher than that of the floodway channdl, and bed degradation may
migrate upstream of thetributary, resulting in excessive sediment transport and deposition in the floodway.
Methods to mitigate channd ingtability such as grade control, channel lining, and bank stabilization may be
required on diversion projects.

Additionaly, diverson flows can have an adverse impact on the main channd. From Lane's
Badance, it can be seen that reducing the river flow in the main channd due to a diverson, with the dope
and particle 9ze remaning congtant, will result in a decrease in sediment transport capability, thus
aggradation could occur in the channd between the point of the diversion and the point of re-entry. If too
much bed materid is diverted, the sediment transport capability of the stream may increase, thus
accderaing channe ingability. How returning to the main channd from a diverson can aso result in
accelerated eroson of the channel and banks. Vanoni (1977) reported that in Alkai Creek in Wyoming,
flow returning to the main channel from a diverson resulted in bed eroson. The channel eroded down to
an a'mored layer of large gravel and cobbles, after which the banks began to erode, resulting in the
implementation of bank stabilization measures. It is essentia that a detailed geomorphic and sediment
trangport andysis be conducted at the design stage of a diversion project to plan for potentia problems.
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4.2.6.2 Environmental Effects

It is environmentdly beneficid to use diverson channels as an dterndive to modifying the main
channd to convey flood flows. The origind stream substrate and meanders are maintained, aswel asin-
stream cover and riparian vegetation. If it isdesigned only for periodic flood flows, the diverson channd
can have multiple benefits such as an urban greenbdt, recreation, pasture for grazing, and awildlife food
source (Little, 1973).  If theinvert of the diverson channedl is too low, it will convey both low and high
flows, thus continudly staying wet. Thiswill inhibit grass growth and increase the possibility of eroson of
the subgtrate. If adjacent low-lying areasor old abandoned river courses are used for diversion purposes,
some terrestria habitat may be lost or converted to awetland habitat.

4.2.6.3 Remedial Practices

The diverson sysem must be carefully designed and congtructed to prevent channd ingability in
the main channel and the diversion channd. Channel design must take into account the design flows and
sediment trangport to insure bed and bank stability. The hydraulic design of diverson channels can be
accomplished with sandard hydrology and hydraulics analysi stechniques, while determinations of sediment
trangport through the diverson are much more difficult. Because the floodway invert ishigher than that of
the main channel, there is a tendency for the channel to become unstable and degrade. Grade control
structures may be necessary on the downstream end of the floodway to prevent upsiream migration of bed
degradation, and on any perched tributaries that are hydraulically connected to the diversion channdl.

4.2.6.4 Operation and Maintenance of Floodway Projects

Diverson channdsthat have aseasond covering of grasswill require maintenance, and should be
designed with sidedopes conducive to mechanical mowing. Efforts should be taken to insure that the
channd invert is congructed above the seasond high water table to prevent excessive growth of aquatic
vegetation that interferes with maintenance.

427 DAMS

Impoundments are constructed for multiple uses. In candization projects, dams are constructed
aong with locks for navigation purposes. Dams and associated reservoirs are built on rivers primarily for
flood control, with secondary functions such asrecreation, water supply, and power generation. Sediment
retention dams are utilized as flow control to reduce sediment loading to downstream areas (USACE,
GDM-54, 19904). One or more dams are constructed in the upper watershed to trap sediments and thus
reduce bed materia load downstream. Additionaly, dams reduce the sediment load by changing the flow
duration curve for the stream. Controlled releases through the dam reduce the flood pesks and
subsequently reduce the sediment load downstream. Peterson (1986) describes the socia and
environmenta impacts of dams onanumber of river basin projects. The beneficid usesfor which adollar
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vaue can be assigned were for flood control, hydropower generation, irrigation, and recregtion. For the
Columbia River dam projects the adverse environmenta impactswere primarily dueto the damsblocking
the sdmon migration routes.  Because of the multipurpose nature of some dams, it is difficult to optimize
the beneficid aspects of each use. From theflood control viewpoint, it is necessary to reduce flood peaks
downstream. This practice may result ininadequate flowsfor power generation and disrupt fish spawning.
Dams change the flow and sediment transport characteristics of the river. The back water extends
upstream of the dam, acting as a sediment retention basin. Regulated flows through the dam dong with
reduced sediment transport below the dam may affect downstream channd gability.

4.2.7.1 Hydraulic Effects

The primary effect of dams on system stability isto reduce pesk discharges and sediment supply
to the downstream channd. Upstream effects of adam and associated reservoir include deltaformation,
gradud raisng of stream levelsin the backwater zone, and amore pronounced meandering (USACE, EM
1110-2-1418, 1994). Downstream effects result from flow control through the dam and retention of
sediment. A reductionin peek discharge often reduces bank ingtability downstream by inducing deposition
a the channd margin in the form of berms.  The channd adaptsto alower channel forming discharge by
dhrinking. Reducing pesk discharge and lowering the flowlinesin the downstream channel may aso induce
tributary ingtability by lowering their effective base level. Channel degradation in the form of a head cut
advances up the tributaries and ultimately increases the sediment supply to the main river.  However,
reducing the sediment supply to the stream through reservoir retention also often induces channel
degradation downstream, which can actudly lead to mass ingtability of the banks by increasing bank
heights. This may trigger areversa of main channd response and lead to eventua aggradation due to
increased sediment supply from tributaries (Biedenharn, 1983). System response to flow control and
sediment retention aspects of dams are very complex and cannot be easily predicted or generaized.
Factors affecting channel response;

a. Magnitude and frequency of flow duration;

b. Degree of sediment retention;

c. Downstream controls such as geologic outcrops, man-made structures, armor layers and
backwater from another lake or river;

d. Reduced sediment transport capacity of the channel as a result of dope reduction due to
channd degradation,;

e. Sediment input from tributaries and bed and bank eroson;

f.  Vegetation and vegetative encroachment; and

0. Tributary response.
4.2.7.2 Environmental Effects
The congtruction of dams results in a decrease in terrestrid habitat through backwater flooding.

However, case studies of dams on sdlected river basins presented by Peterson (1986) indicate that
reservoirs have had alesser impact on wildlife than urbanization and agriculture. Green and Eiker (1983)
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reported that whilethereservoirs on the ColumbiaRiver basn did decrease the habitat for some mammals,
waterfowl habitats increased. Babcock (1980) reported that on the Arkansas River Navigation Project,
the environmenta qudity actudly improved dueto congtruction of the project. Thewater quaity improved
with a reduction in sugpended solids. Dam outflows generdly are a a lower temperature than existing
channd flows. The lower water temperature may be suitable for specific goecies of fish such astrout and
deleterious for native warm water fish populations, and the fishery diversity may be permanently atered.
Aquatic and terrestrid habitats are impacted by areduction of flushing flows through the dam. In periods
of low flow through the dam, fish and other aquatic organisms that depend on higher flows for food and
habitat are affected. Terrestrid habitat aong the streamthat experienced frequent overbank flowsin pre-
dam conditions may be dry for prolonged periods of time, thus potentialy displacing wildlife dependent on
amorewet environment. Additiondly, flowsthrough the dam will be based on needs such ashydropower,
flood control, and recreation. Thiswill result in a change in the channd forming discharge thet will dter
channel morphology and subsequent habitat festures. Throughout the country, such asthe Northwest, fish
passage around dams is a serious environmenta concern. Dams block migrating fish such as sdmon from
completing spawning runs.

4.2.7.3 Remedial M easures

The congruction of dams can adversdy impact downstream channe stability. Channel and
streambank remediation techniques may be required to reduce eroson and deposition of sedimentsresulting
from fluctuating flows and reduced sediment transport through the dam. Changes in dam operating
procedures can be made to accommodate environmenta needs. Periodic flushing flows can be released
to enhance downstream aquatic and terredtrial habitats. Fishways or fish ladders can be used to dlow
migrating fish to bypassdams.  On the lower Snake River in Washington, sdmon are bypassed around
dams using barges. In some cases, dam remova is advocated to restore arivers natural and recreationa
value.

4.2.7.4 Operation and Maintenance of Dam Projects

Dams require frequent inspections to insure structural integrity. Grade control structures and
streambank stability projects constructed to remediate channel and bank erosion require periodic ingpection
to insure proper operation.

4.2.8 FLOW TRAINING STRUCTURES-DIKES

Dikes are free ganding structures of stone, pile clugters, or pilings with stone fill placed within
waterwayseither pardld or transverseto the channe, and are generaly congtructed to condtrict the channel
a a ecific location for the purpose of concentrating flow in a narrower, degper channel. The reduced
cross sectiond arearesultsin anincreasein flow velocitiesthusincreas ng the sediment transport capability
of thegtream. In navigableriversthe decreasein shoding reduces dredging requirements. Dikes have been
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used extendvey on the Lower Mississppi River to maintain navigation channels, and can be used in
conjunction with other measures such as floodways, cutoffs, bank protection and levees to aid in flood
control, maintain navigation, and dabilize river sysems.  Additiona gpplications include cutting off sde
channds and chutes, concentrate a braided river into a sngle channel, redigning a river reach, and
streambank protection.

A variety of materids can be used to congtruct dikes. Stone dikes and pile dikes are the most
common type in use, but soft dikes condsting of sand filled geotextile containers have been used
successfully on the lower Missssppi River. Dikes may be constructed either pardld or perpendicular to
the flow. Spur dikes, which are sometimes referred to as transverse or cross dikes, are the most common
types of dikes used on mgor streams (Shields and Palermo, 1982). Dikes are generdly congtructed in
groups perpendicular to the flow, extending outward from the bank toward the center of the channdl.
Spacing between dikes in adike fied is generdly afunction of the location of the next dike downsiream
(Peterson, 1986). Longitudinal dikes extend downstream and pardld to the flow. The primary purpose
isfor reducing the curvature of sharp bends and provides erosion protection for the adjacent bank.

L-head dikes consst of both a section perpendicular to the flow extending from the bank, and a
sectionpardld to the flow extending downstream from the end of the perpendicular section. L-head dikes
are designed to reduce sedimentation behind the dike and can be used to reduced sedimentation in specific
aress such as harbor entrances.

4.2.8.1 Hydraulic Effects

Dikes are designed and congtructed to confine flowsin a narrow channd and induce an increase
in sediment transport through the channel. Depending on design, dikes can affect the flow in anumber of
ways. For example, spur dikes, which extend perpendicular to theflow, are used to condtrict the flow and
concentrate the flow within the condtricted reach. Longitudind dikes are arranged downstream and pardld
to the flow, and are used to reduce the curvature of sharp bends, develop stable channd dignments, and
provide erosion protection for the adjacent bank. Because of theincreased velocities, localized scour and
undercutting occurs a the end of the transverse dike. Incorporation of design criteria such as improved
profile dope and dike angle can reduce the effects of scour. At low water, sediment deposition occursin
the dack water between dikes.

4.2.8.2 Environmental Effects

Shidds and Palermo (1982) report work by Thackston and Sneed (1980) and Johnson et al.
(21974) which identified three areas of environmentd impactsdueto dikefields: 1) impactsassociated with
dike congtruction, 2) changes in water surface area and aguatic habitats, and 3) increased water-level
fluctuation. Because the mgority of dike congtruction occurs in depositiond zones near the bank, some
benthic habitat islogt during congtruction. Additionaly, congtruction techniques may temporarily increase
locdlized turbidity. Dikes increase the habitat diversity. The areas between the stones and downstream
of the dike provide feeding and resting areas for fish. Sack water between dikes provides additiona
aguatic habitat unless excessve sedimentation occurs.
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A gradua build-up of sediment occurs in the dack-water areas between dikes during high flows.
At low flows, the shoals may be out of water, thus alowing vegetation such aswillowsto colonizethe area.
During high flow events, the increased vegetation effectively increases the roughness thus further
encouraging sediment deposition. Thisresultsin adecreasein aguatic habitat and an increasein terrestria
habitat. Brookes (1988) reportsastudy by Morriset al. (1968) that reported that the construction of pile
dikes on the Missouri River in Nebraska reduced the width from 720 to 240 meters and reduced benthic
habitat by approximately 67 percent. Habitat diversity may bereduced by stabilizing the streamwith dikes.

4.2.8.3 Remedial Measures

Although areduction in sedimentation in dike fields can be achieved by varying the length and height
of dikes, congtriction gaps or notchesin dikes are presently the most widely used environmental restoration
method (Shields, 1983). Notched dikes are used to mitigate the loss of aquatic habitat due to
sedimentation on the downstream side of dikes. Stone is removed from the dike to a specific width and
depth to create a gap alowing flow to passthrough thedike. Theflow through the gap induces scour that
removes sediment deposits and restores aquatic habitat. The notch width, shape, and depth design can
varied to provide varying degrees of habitat restoration. Notch openings should be adequate to provide
the necessary effect of creating habitat without causing excessive erosion or depostion.

The Missouri River Division of the Corps of Engineers has used notched dikesto restore agquatic
habitat on the Missouri River (Shields and Paermo, 1982). Smdl gapsin the Missouri River dikeswere
observed to produce small chutes and submerged bars behind the dikes, whereas |arge openings created
open-water habitat.

4.2.8.4 Operation and Maintenance of Dikes

Dikes, like other in-stream Structures, require ingpection to insure proper operation.

429 GRADE CONTROL

The most common method of establishing grade contral is the congtruction of in-channe grade
control structures. There are basically two types of grade control structures. One type of structure is
designed to provide a hard point in the streambed that is capable of resisting the erosive forces of the
degradationa zone. Thisis somewhat anaogousto locdly increasing the Size of the bed materid. Lanes's
relaion would illudrate the Stuation by QS™ a Qg Ds," , where the increased slope (S') of the
degradational reach would be offsat be an increase in the bed materid size (Ds,"). Thisisreferred to as
abed control structure. Sills are placed across the channel at or just above the bed elevation to control
scour. Materias such as concrete rubble, stone, or locally available non-erodible materids can be used.
The sl actsas ahard point in the channel that ressts eroson, thus stabilizing the bed. Channedls may be
completely stabilized by lining the channel with non-erodible materia such as concreteor stone. Thisisa
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more expendve dternative, but it may be necessary in urban areas where land costs are high, thus narrow
channels with steep side dopes are desirable.

The second type of grade control structure is designed to function by reducing the energy dope
aong the degradationd zone to the point that the stream is no longer capable of scouring the bed (QS a
Q; Dsy), Which requires establishing a hydraulic control at the structure. Examples of hydraulic control
structures are weirs and drop structures. Weirs are placed across the channel to control the water level
thus controlling the stream energy gradient. For large discharges or significant changes in bed eevation,
drop dructures are employed. Drop structures are designed to limit and stabilize channel bed dope by
means of avertica drop.

4.2.9.1 Hydraulic Effects

The function of hydraulic grade control structures is to reduce the energy dope aong the
degradational zone, thusreducing the ability of theriver to scour thebed. Thisresultsin abackwater above
the structure and a subsequent lowering of the velocity. These areas typicaly are more conducive to
sedimentation, thus the affected reach is transformed from degradational (erosive) to aggradationa
(depositiond). This sediment trapping affect dong with the desred affect of reducing bed erosion will
deprive downstream reaches of sediment, thus possible affecting downstream stability.  Grade control
structures can affect theflood potentid of the stream. Hydraulic grade control structures are often designed
to be hydraulicaly submerged at flows less than bankfull so that the frequency of overbank flooding is not
affected. However, if the structure exerts control through awider range of flowsincluding overbank, then
the frequency and duration of overbank flows may be impacted. Another factor that must be considered
when§iting grade control structuresisthe safereturn of overbank flowsinto the channd. Thisisparticularly
a problem when the flows are out of bank upstream of the structure but still within bank downstream. The
resulting head differential can cause damage to the structure aswell as severe erosion of the channel banks
depending upon where the flow re-enters the channedl.

4.2.9.2 Environmental Effects

Grade control structures can provide direct environmenta benefits to a stream. A study was
conducted by Cooper and Knight (1987) on fisheries resources below natural scour holes and man-made
pools below grade control structuresin north Missssppi. The study results conclude that although there
was a greater species diversty in naturd pools, there was increased growth of game fish and a larger
percentage of harvestable-szefishin the man-made pools. Shieldset al. (1990) reported that the physical
aquatic habitat diversty was higher in stabilized reaches of Twentymile Creek, Missssppi than in reaches
without grade control structures. Jackson (1974) documented the use of gabion grade control structures
to abilize ahigh-gradient trout streamin New Y ork. She observed that following congtruction of aseries
of bed glls, therewasasgnificant increaseinthe dendity of trout. The most serious negative environmenta
impact of grade control structuresisthe obstruction to fish passage. In caseswheredrop heightsaresmall,
fishare ableto migrate upstream past astructure during high flows (Cooper and Knight, 1987). However,
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where structures are impassable, openings, fish ladders or other passageways must be incorporated into
the sructure design to dlow fish migration.

4.2.9.3 Remedial M easures

Whendesigning hydraulic control structures, overbank flooding concernsmust be addressed. The
potentid for causing overbank flooding may be the limiting factor with respect to the height and amount of
condtriction at the structure. I the structure exerts control through a wider range of flows including
overbank, then the frequency and duration of overbank flows may be impacted. The impacts must be
quantified and appropriate provisons such as acquiring flowage easements or modifying structure plans
should be implemented. The safe return of overbank flows must be considered when siting the Structure.
One method isto design the structure to be submerged below the top bank e evation, thereby reducing the
potentia for a head differentid to develop over the structure during overbank flows. Direct means of
controlling overbank flowsinclude congtructing an earthen dike or berm extending from the structureto the
valey wdls to prevent flows from passng around the structure and congtructing an auxiliary high flow
gructure that will pass overbank flows to a specified downstream location.

4.2.9.4 Operation and Maintenance of Grade Control Structures

Monitoring and maintenance of grade control structures is essentid to ensure adequate
performance. Because of the dynamic nature of streams, lack of monitoring and required maintenance can
result in complete failure of expengve ingdlations. Monitoring should include upstream and downstream
conditions that may have future impacts upon the project. Examplesare: 1) changesin upstream channd
dignment may threaten bank sabilization works downstream 2) channdlization work may induce
degradati on upstream and may change hydraulic and geomorphic conditions downstream and 3) Sgnificant
changesin operating procedures of reservoirs upstream of the project site or sgnificant land use changes
may change hydraulic and geotechnical parametersat theste. A monitoring program should consst of Site
ingpections, Site surveys, geomorphic observations, hydrologic and hydraulic data, geotechnica data, and
environmenta aspects.

4.2.10 BANK STABILIZATION

As discussed in Chapter 3 of this manud, the ingtability and subsequent failure of stream banks
commonly result from a combination of hydraulic, geomorphic, and geotechnica factors. Scour occuring
ontheoutside of channel bendsincreases bank heights and subsequently leadsto bank failures. Theterms
streambank erosion and stresmbank failure are often used to describe the remova of bank materia
(Biedenharnet al., 1997). Erosion generdly refersto the hydraulic processwhere individud soil particles
at the banks surface are carried away by the tractive force of the flowing water. Therefore, the erosive
forces are generdly greater a higher flows. The primary erosion processes are pardld flow, impinging
flow, piping, freeze thaw, sheet eroson, rilling and gullying, wind waves, and vessd forces.  Streambank
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falure differs from eroson in which a rdatively large section of bank fals and dides into the channel.
Streambank failure is often considered to be a geotechnica process. A geotechnicd failure involves the
movement of arddaively large and possibly intact ssgment of soil. There are two distinct classes of bank
falure the dow moving creep and the catastrophic shear failure. The dow moving creep failure occurs
over long periods of time, whereas the catastrophic shear failure occurs instantaneoudy.

Channd ingability can ultimately result in system-wide bank ingability. As channd degradation
proceeds through a system, the channel bank heights and angles are increased, which reduces the bank
gability with respect to massfalluresunder gravity. If degradation continues, eventually the banks become
ungtable and fall. Bank failures may no longer be localized in bendways, but rather may aso be occurring
adong both banks in straight reaches on a sysem-wide bass. Fuctuating flows through channels and
localized runoff can also contribute to accelerated erosion of the banks.

System-wide ingability is trested with channd stabilizing methods described above. Locdized
bank erosion and fallureistrested with avariety of methods designed to elther directly or indirectly protect
the bank (Shieldsand Palermo, 1982). Bank stabilization projects address|oca problems such as meander
migration and congtricted reaches and are not a remedy for system ingtability. Direct bank protection
methods are placed in contact with the bank to prevent erosion.  Indirect protection methods are designed
to deflect flows from the affected area or reduce turbulence and encourage sediment deposition. Example
of direct methods are stoneriprap, trench fill revetment, concrete paving, articulated concrete mattresses,
and vegetation. From an environmenta viewpoint, vegetation is the preferred trestment when hydraulic
conditions dlow itsuse. Woody vegetation is usualy redtricted to banks, but grasslinings may be used if
properly maintained and not exposed to excessve velocities (Nunndly and Shids, 1985). Indirect
methods include dikes, fences, and jacks. More detailed information concerning design and placement of
channel and bank stabilization methods is provided in the WES Stream Investigation and Streambank
Sabilization Handbook (Biedenharn et al., 1997).

The primary purpose of reservoir congtruction is usualy flood control or water supply, but
reservoirs may aso be designed specificdly to induce channd stability and subsequently stabilize banks.
The effect of reservoirsisto reduce peak discharges and sediment supply to the downstream channd. A
reduction in pesk discharge often reduces bank ingtability by inducing deposition at the channel marginin
the form of berms. In effect the channd adapts to alower effective or dominant discharge by shrinking.
Bank failure upstream of reservoir impoundmentswill be decreased by the reduction in flow velocitiesand
bank shear stressesfor the length of the channe affected by the impoundment.
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4.2.10.1 Hydraulic Effects

Indirect bank stabilization methods act to deflect flows from affected areas or reduce current
velocities adjacent to banks. After eroding banks are stabilized, the sediment discharge isreduced in the
sysem. If the reduction of sediment discharge is dgnificant, the sysem may adjust by eroding and
degrading the channel bed. The operation of reservoirs to accomplish bank stability by reducing pesk
discharge and lowering theflowlinesin the downstream channd may result in tributary ingtability belowering
their effective baselevel. Additionaly, the reduction of sediment supply downstream from reservoirs may
induce channd degradation downstream. This can result in increased bank heights and bank ingtability.

4.2.10.2 Environmental Effects

Direct methods of streambank protection initidly involve some bank preparation and remova of
vegetation. Thisinitial adverseimpact on the riparian ecology is offset by the benefit of hdting the existing
erosion. Bank protection can increase habitat diversty if the bank is re-vegetated with environmentaly
beneficid plantsas part of the bank protection scheme. Extensive streambank protection works can result
in areduction of channd migration, which reduces habitat diversty.

4.2.10.3 Remedial M easures

Currently, environmentally compatible methods of stream bank protection are based on extensive
use of vegetation, particularly used in combination with structura applications. Allen (1978) describesthe
useof plantsto control erosion of streambanks, reservoir shorelines, and other areas. Shieldsand PAlermo
(1982) indicate fidld studies were conducted on the Missouri, Sacramento, Willamette, and Lower
Missssppi Rivers on the environmenta effects of bank protection projects and methodol ogies to reduce
adverse environmental effects. Demondtration projects were conducted in the Ohio and Y azoo River
Baains for testing various combinations of vegetation and structure. The reduction in habitat dueto paved
channds can be dleviated by the use of riprap as a lining, with the voids between the riprep filled with
Stream gravel.

4.2.10.4 Operation and Maintenance of Channel and Bank Stabilization Projects

Aswith dl in channd gructura improvements, periodic ingpections are required to insure that the
project functionsasintended. For direct methods of bank protection, ingpections should be conducted to
insure that surface armor such as riprap remains in-place and has not been displaced by high discharge
events. The channel should be periodicaly inspected for Sgns of ingability that could cause future
mai ntenance problems.
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4.2.11 CHANNEL RESTORATION

After channel modification projects have been constructed, adverse environmental impacts can be
mitigated through channel enhancements and retorative methods. The primary impact on stream ecology
from channd modification is the reduction in habitat diveraty. Channel clean out, enlargement, or
draightening practices may result in remova of the existing substrate, pool and riffle areas, and riparian
vegetation and canopy. The resulting effect on the aquatic environment is a reduction in the diversity of
aquatic life as well as population dengties. The god for restoration activities is to acceerate biologica
recovery of the stream through the use of various techniques and methodologies without impacting the
gability of the stream.

In-stream structures are used to increase habitat diversity by dtering flows, changing channel
morphology and substrate, and providing cover. Artificial structure such as boulders, boulder clusters, or
concrete can be randomly placed in the channe to provide zones of reduced velocity and scour holes
downgtream of the boulder.  Sills can be constructed across the waterway to create pools above and
scour holesbelow the structure. Sediment scoured from below the sill may redeposit some distance below
to foom arifflearea A sariesof slisingdled in the stream will develop apool and riffle sequence that is
highly desirable for providing feeding and resting areas for fish and aguatic organisms.

Channd modification usudly results in poorly sorted, finer, less sable bed materid (Shields and
Paermo, 1982). A study reported by Arner et al. (1976) indicated that fine, poorly sorted sedimentsin
amodified segment of the Luxapdila River, Missssppi resulted in areduction in the qudity and quantity
of aguatic organisms. The replacement of natural bed sediments following project completion may speed
the biological recovery. This is more successful when well sorted gravels replace unsorted sediments
(Hjorth and Tryk, 1984). Substrate reinstatement was used to speed the biological recovery of astream
relocated to allow for cod mining. Gore and Johnson (1980) reported that material excavated from acoa
mining operation was used to linethe rel ocated channd with layers of topsoil, grave, and cobbles. Benthic
organism populations were rapidly established in the channd by colonization from undisturbed stream
reaches.

Low flows in enlarged channels may be too shalow to support fish and be devoid of pools.
Shdlow channds can be excavated within modified channels to convey low flows and provide the
necessary depth for supporting fish and other aguatic organisms. A study conducted by McCall and Knox
(1978) described the environmental benefit of utilizing alow flow notch design in a modified channd for
Rock Creek in north-centra Indiana. One year after completion, 23 speciesof fish werefound in thelow
flow channdl, compared to 16 species collected from the natura channel upstream of the low flow channel
section.

Grade control structures such as weirs and drop structures obstruct fish movement and migration
in the channel. Additiondly, culvert and shdlow channel sections in which the flow is too dow or swift
impede the naturd movement of fish. Fishways or fish ladders are designed to dlow fish to ether by-pass
or pass through channed obgtructions.
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Insome cases, it may bejudtified to restore the former snuosity to the modified stream. Thisaction
is taken assuming that the engineering function for which the channe was origindly modified is ether no
longer required or will not be impacted, and that no mgor watershed changes have occurred snceinitid
draightening that would disrupt the equilibrium of the restored channd.  In Southern Denmark, a new
channel was constructed to replace an 800 meter sectionof severely degraded channd (Brookes, 1987).
The origind sinuosity was determined from historica maps, comparison of other neighboring streams, and
fild reconnai ssance of thewatershed. Native grasses and woody vegetation were planted for stabilization,
with riprap used for bend stabilization before vegetation became established. The new sinuous channel
restored morphologic and hydrologic diversity, with colonization by anumber of floraand fauna. InWest
Germany, Glitz (1983) described the restoration of the snuosity of the Wandse river in Hamburg-Rahl stedit,
alowland river about 1.5 metersin width. A partid restoration was performed assuming that the stream
would eventudly adjust naturally. A survey conducted two years later indicated that pool and riffle
formations were limited, probably due to the low energy of the stream.

Management practices may beimplemented to preserve the morphol ogica and ecologicd aspects
of the channel without modifying the exigting channd to accomplish engineering goas. The concept of
floodplain corridors provides sufficient land area on both sdes of the stream to allow for natura migration
of bends and genera channd shifting across the floodplain.  This dlows the natura formation of habitat
enhancement features such as pools, riffles, and point bars. Future watershed planning and management
activities are possible with the channel confined to a fixed position on the floodplain.

4.2.11.1 Hydraulic Effects

The use of channe restoration techniques to enhance stream ecology is growing. Many of the
restorative methods have alimited influence on hydraulics of the channd. Theuseof artificid structuresand
sllsto create a pool and riffle habitat do not have asgnificant impact on stream hydraulics, particularly a
high flows for which the structures are inundated and no longer function as intended (Brookes, 1988).
However, the use of in-channd vegetation can sgnificantly increase the roughness and consequently reduce
the discharge capacity of the stream. Wilson (1973) determined that vegetation such aswillowsand shrubs
can reduce the discharge capacity up to 50 percent after only one year of growth. The use of vegetation
within stream channels for purposes such as restoration or bank protection requires athorough hydraulic
and sediment transport analysis during the project design phase. Low energy stream systems with
moderate flows and low sediment trangport are more amenable to vegetative projects. The survival of
vegetation in high energy channes with high peak flows and substantia sediment transport isquestionable.
To insure a successful project, a multi-disciplined team conssting of biologists and hydraulic engineers is
recommended.
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4.2.11.2 Environmental Effects

Activitiesand practicesimplemented for stream restoration should have apositiveimpact on stream
ecology. The introduction of artificid habitats into modified channds provides the diversity necessary to
support a wide variety of aguatic organisms and fish in otherwise unsuitable habitat. Modifications to
channd morphology in terms of restoring stream meander or sSinuosity must be carefully planned to avoid
cregting channd stability problems. The examples presented above on restoring sinuosity were for low
energy channdsthat under natural conditions do not actively migrate.  Additiondly, if watershed changes
occur that dter the sediment and water discharge of the original watershed, attempts to ater channd
morphology may disrupt the equilibrium of the restored channdl.

4.2.11.3 Operation and Maintenance of Channel Restoration Projects

Theincorporation of artificia structure such asbouldersand silIsinto amodified channd designwill
required a periodic ingpection plan to insure that the structures remain effective.  Habitat enhancement
features should never be placed in an ungtable channd subjected to cyclicd sediment erosion and
deposition processes. Periodic channd inspections upstream and downstream of the project are required
to evduate system stability and determine potentid future project maintenance problems.

43 SUMMARY

Channels are modified from their naturd state for beneficia uses such asflood control, navigation,
and water supply. Additionaly, channd modifications are required to treat the impacts of channe
instability (bed degradation and excessive sedimentation) resulting from changes in channel and basin
sediment and water discharge capacities.  Modifications can result in adverse impacts to channd and
riparian ecology. The primary environmenta impact of channel modification is the reduction of habitat
divergty. Straight, shdlow channels with homogeneous substrates that are devoid of verticd relief, such
as pools and riffles, do not provide the necessary food, cover, and resting areas for fish and other aguatic
organisms.  The degtruction or eimination of riparian and riparian vegetation reduces the habitat for
mammas and birds, eliminates plants that provide necessary shade for the stream, and accelerates the
eroson of streambanks. The goa of this chapter was to present generd descriptions of channel
modification projects, activities, and practices dong with associated impacts on channd gability and
ecology. More specific information on design and implementation of environmental restoration practices
can be obtained from the references cited in this chapter, most notably the references of Shields and
Palermo (1982), Nunnally and Shields (1985), Shields (1983), and Brookes (1988).

Alluvid greams left in a naturd sate will gtrive to atain an equilibrium condition for which the
energy avalableinthe stream (water discharge and stream gradient) isproportiond to the energy required
to trangport a given sediment quantity and size. This quditative relationship as described by Lane (1947)
provides the basisfor quditatively describing channel and bank stability problems associated with channel
modification activities Each of the examples of channd modification discussed in the above sections can
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impact channd gability by changing one or more of the key variables responsble for maintaining channel
dability. Before any habitat restoration or environmental enhancements can beimplemented on amodified
sream, channd stability issues must be addressed through consideration of channd rehabilitation methods.
Channd gability evauations should include the entire basin and not only the affected modified reach.
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CHAPTER 5

FUNDAMENTALSOF ENGINEERING DESIGN

The primary focus of Chapter 5 is the fundamentals of engineering design that were used in
developing the preliminary design of stabilization measures. Whenever gppropriate, example computations
or methodologies will be presented. In particular, methods developed under the Demongtration Erosion
Control (DEC) Project will be used as an example. The DEC Project, administered by the U.S. Army
Corpsof Engineers, providesfor the development of asystem for control of sediment, erosion, and flooding
in the hill areas of the Y azoo Basin in Northern Missssppi.

51 BACKGROUND INVESTIGATIONS

The background investigations section describes research that devel ops a characterization of the
basin parameters used to identify main river processes and controls that dominate flow conditions. The
background research examinesthe climate, geology, geography, and hydrology of the basin and determines
the relaionships and effects of these parameters on the stream. In addition, these investigations should
identify any large-scade ingability or disturbance that may be directly affecting the stream stability. An
integrd part of the background investigations is the research on physicd indicators and records of past
behaviors. The historical record should be examined, if available, and used to investigate past adjustments
as indicators of future adjustment. Loca river surveys from area agencies, local archives, and county
government survey departments are excellent placesto begin. Table 5.1 suggests some sources of higtorical
information.

Thetypesof information that can be obtained from these sources are channe and reservoir surveys,
flood history, watershed workplans, bridge plans and surveys, watershed erosion information, geologica
data, Drainage Didtrict records, land use records, existing erosion control features, land ownership
information, historical sediment yield data, and aeria photography. Past laterd and verticad migration
patterns and extreme flow events can be examined from historic maps, aerid photographs, historic photos
and descriptions, botanica records and pa eostageindicators. Documentation of previousland use changes
can sometimes be correlated with and used to examine past stream response.
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Table 5.1 Suggested Sources of Historica Information (USACE, 1994)

Previous studies and reports. Corps of Enginears, U.S. Bureau of Reclamation, consultants
U.S. Geologica Survey Quadrangle Sheets. old and new series

Aerid photographs

Topographic maps by the Army Map Service and others

FEMA Food Insurance Studies

County maps and city plots

Offices of county, state, highway, and railroad engineers

Loca newspapers

Older inhabitants, especidly farmers

U.S. Geologica Survey: gage histories and descriptions, gaging notes, rating curves through period of
record; water supply papers; provisona discharge records

National Weather Service: storm and flood records
Municipa water and power plants. gage records
Irrigation and drainage districts. gage records

511 GEOLOGY

Geologicd condderationsincludevaley dope, description of the predominant materid inwhichthe
channdl isformed, tectonic activity, and the effects of large-scde man-made projects. Vdley dope affects
severa characterigtics. The dope of the valey can be determined from field surveys and from topographic
maps. Soil erosion in the basin depends, to a certain extent, on the valey dope.  Steep valey dopes
increase the eroson capacity of the overland flow which can lead to increased sediment yields.
Discontinuities in the dope can d o affect stream pattern and stream sediment carrying capacity.

Classfication of the materid of which the channd isformed directly affectsthe eroson resstance.
Materia propertieswill influence the susceptibility of the basin to geomorphic and sedimentary processes.
A channd incised in bedrock can be considered to be astable reach that will not migrate sgnificantly and
requires little control to keep it from shifting location or paitern. Alluvid streams, in contrast, arethosein
whichthe bed and banks are composed of materid that has been deposited by the flow. Because the bed
and banks of aluvid streams are generally composed of erodible materiad, the channels are dynamic
features that are free to shift postion or patterns. One consequence of this characteridtic is that dluvid
streams readily respond to changesin the basin. Rock outcrop in dluvia streams act as acontrol and can
restrict horizontal and laterd migrations aswel| as affect the depth of flow. The positions and any obvious
effects of outcrop on the flow should be noted.

Although tectonic activity usualy occurs a very dow rates and is difficult to quantify, the effects
on fluvid processes and evolution can be significant. Tectonic forces such as faulting, folding, or tilting
primarily affect river systemsthrough differentia changesin gradient. Uplift or subsidence may disrupt the
environment or produce a change in hilldopes in the basin and dter the ddivery of sediment (Leopold et
al., 1964, p. 475). Channel pattern is a sengtive indicator of valey dope change. To maintain a congtant
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gradient, a stream that is segpened by uplift will increase Snuosity while areduction in valey gradient will
lead to areduction in Snuosity. A secondary effect of the changing gradient is the change that may occur
to the sediment load. Active tectonics can result in a unstable stream, which can be reflected by incison,
deposition, bank erosion, meander cutoffs, or change in stream patterns (Gregory et al., 1987, p. 65). A
more complete description of the effects of tetonic activity on dluvid rivers can befound in Schumm et al.
(1982).

The effects of man are the next variable to be examined. Many man-made structures affect the
stream in the same manner as geographic and geologic controls. Water diverted through diverson
structures can sgnificantly dter discharge in the main channd. Dams and reservairs affect the sediment
budget, depth of flow, total discharge, as well as the hydrograph shape. Bridge abutments, check dams,
and other man-made structures can act like congrictions and serioudy affect theflow characterigtics. The
presence of these structures should dways be noted in the sudy reach as well as any obvious effects on
the flow regime.

512 GEOGRAPHY

The geography of the region should be examined. This includes a description of the generd
locationof the Site, thebasin Szeand terrain, primary land use, basin habitat and vegetation, and large-scale
disturbances or ingabilities. The genera location and description of the Site can be referenced by stream
name, township, range and section location, the nearest town or distinguishing landmark, and the county
and gtate in which thereach occurs. If agloba postioning sysem unit isavailable, alatitude and longitude
can be added to location description. It isimportant to be able to identify the site for future reference. A
topographic map can dso be used to determine the Sze and terrain of the drainage bagin.

The primary land use should be documented asthis variable directly affects the degree of runoff
potentia, hydrograph shape, sediment yield, and to some extent the amount of human interaction that can
be expected with the stream. Land use (Table 5.2) is categorized as urban, rurd, agriculturd, or
conservation. Urban is defined as intensive residentid, recreationa, commercid, or industria use. Urban
land use is conddered sgnificant if greater than 25 percent of the basin contributing to the study reach is
urban and is characterized by possible large quantities and high variability of the sediment load. Rurd land
useis defined as containing smdl farms and low density resdentid areas and contribute smdler sediment
loads, on average, and experience less variahility in the sediment load. Rura land use is consdered
ggnificant when more than 45 percent of the drainage basin is rurd. Agriculturd land use refers to areas
where crops, orchards, pastures, and forests are being used for production and can contribute large
amounts of sediment, depending on the cropping practices employed. Agriculturd classfication is
gppropriate for basins in which more than 35 percent of the basin is utilized for production. Conservation
land use is defined as no development and can include swamps, grasdands, forests, and lakes and the
quantities and variability of sediment are generdly both very smdl. Conservation land use is considered
ggnificant if more than 65 percent of basin is undeveloped. In dl of the land use classfications,
knowledge of the

107



Fundamentals of Engineering Design

gpecific practices being used and the amount of construction underway or planned enables the engineer to
give a better estimate of the qualitative effects of theland usein the basin.

Table 5.2 Land Use Classification (after Rundquist, 1975)

Urban Greater than 25% of drainage basin is urban

Rurd Gresater than 45% of drainage basnisrura
Agriculturd Gresater than 35% of drainage basin is agricultura
Conservation Grester than 65% of drainage basin is conservation

The degree of human interaction with the stream can dso be estimated from the land use
classification. The effects of humans are expected to decrease as development decreases. Fewer people
living near the channel may require less flood control and channel control. Urban land use can then be
expected to contribute a higher degree of human impacts on a stream while conservation land use will
experience the smallest degree of effects from human contact.

5.1.3 SEDIMENT

Sadiment moving in astream can be defined on the basis of the measurement method, the transport
mechanism, and the sediment source. Table 5.3 summarizes the three methods of sediment classfication.

Table 5.3 Three Methods of Sediment Transport Classfication

Measurement Method Transport Mechanism Sediment Sources
Unmeasured Load Bed Load Bed Materid Load
+ + +
Measured L oad Suspended Load Wash Load
= Total Load = Total Load = Total Load

Typicaly, stream data is reported as the measured suspended sediment load, and is measured
usng a cable-suspended sampler that is lowered and raised through the water column.  However, the
sampler inlet cannot be accurately positioned on the stream bed and a portion of the sediment transported
isunmeasured. Therefore, sediment transported can be defined as either measured or unmeasured load.

Sediment can be defined by the type of transport mechanism, either the bed |oad or the suspended
load. The bed load transport mechanismis by partidesralling, skipping, or diding dong or in intermittent
contact with the bed. Suspended sediment moves in the water column above the bed and isnot in close

contact with the bed at dl times.

108



Fundamentals of Engineering Design

The third bagis for definition of sediment transport is by the sediment source. Bed materid load
is the materid that is found in gppreciable quantities in the bed. Wash load is finer, and is not of asze
found in gppreciable quantities in the bed.

5.1.4 MEASURED SEDIMENT DATA - RATING CURVE DEVELOPMENT

The sediment trangport capacity of theriver is determined by developing a sediment rating curve
whichdefinestotal sediment load (suspended and bedload) asafunction of discharge. An example of the
approach used for developing a sediment rating curve is presented below for the DEC Project.

For the DEC Project, suspended sediment samples were collected in a consstent manner by the
USGS at each of theten USGS gaging sations utilized in the present research. Observerscollected single,
verticdly integrated samplesthree days each week (Monday, Wednesday, and Friday) and supplemented
these dataduring sdlected storms. Each Steisaso equipped with aPS-69 automatic point sampler, which
is stage activated during storms. USGS personnedl collected samples on a biweekly basis and during
selected storms, which may be ether sngle or multiple, vertically integrated samples taken at severd
sections across the stream (Rebich, 1993). The sampling procedures are described by Guy and Norman
(1970).

The effort by the USGSissgnificant, for examplefrom July 1985 through September 1991, about
20,000 suspended-sediment samples were analyzed and reviewed, and data were stored in USGS
compuiter files. Sediment samples were then used to compute daily mean vaues of suspended sediment
concentration and sediment discharge according to standard USGS procedures (Porterfield, 1972).

Sediment rating curves were developed from the observed USGS data, with sediment discharge
as a function of water discharge. Figure 5.1 depicts the log-log (Q, = aQ") of total suspended
sediment discharge as a function of water discharge for Fannegusha Creek. Table 5.4 presents the
regression results for ten USGS gaging dtations.

Table 5.5 provides smilar regression data for the bed materid portion of the measured sediment
discharge for the gages. Sand isthe predominant bed materid found in substantia quantitiesin the shifting
portions of the bed for the gage locations. Data were not available for the sand portion of the sediment
discharge at Otoucalofa Creek.

Figure 5.2 portrays the regression of the USGS sand fraction data, the measured USGS sand
fraction data, and a computed tota sand discharge, which was computed using a HEC-2 computation of
the hydraulic characterigtics of the backwater, and the SAM program (Thomeas et al., 1994) using the
Brownlie (1981) sediment transport equation for the Abiaca Creek, Site No. 6. Close agreement is
apparent between the Brownlie computation of the tota bed materid load and the regression of the
observed USGS sand fraction regresson. The SAM program is discussed in Section 5.3.6. Based on
datafrom Guy et al. (1966), Julien (1995) has subdivided the dominant mode of sediment transport into
three zones. Using a ratio of shear velocity to fal veocity, and the ratio of depth
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Figure5.1 Fannegusha Creek Suspended Sediment Discharge
Table5.4 Totd Suspended Sediment Discharge Regression Relationships
Station No. Station Name a b R? N
7273100  Hotopha Creek near Batesville, MS 0.0115 1828 082 2391
7274252 Otoucalofa Creek Canal near 0.0117 1691 0.79 2648
Water Valey, MS
7275530  Long Creek near Pope, MS 0.0029 2016 089 2107
7277700 Hickahaa Creek near Senatobia, MS 0.00184 2.031 0.82 2427
7277730 Senatohia Creek near Senatobia, MS 0.0052 1956 0.83 964
7285400  Batupan Bogue at Grenada, MS 0.0025 1832 089 2638
7287150  Abiaca Creek near Seven Pines, MS 0.0016 2172 084 365
7287160  Abiaca Creek at Cruger, MS 0.0010 2.17 0.64 365
7287355  Fannegusha Creek near Howard, MS 0.0026 2138 0.87 2156
7287404  Harland Creek near Howard, MS 00036 2139 086 2122
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Table55 Bed Materid Load (Sand Fraction) Relaionships at Gaging Sitesin the Y azoo Basin,

Missssppi
Station No. Station Name a b R N
7285400 Batupan Bogue at Grenada, MS 0.000000468 1549 0.77 340
7287150 Abiaca Creek near Seven Pines, MS 0.00000362 1506 0.62 138
7287160 Abiaca Creek near Cruger, MS 0.00000000395 2.37 0.73 108
7287355 Fannegusha Creek near Howard, MS 0.000000576 1.745 0.97 13
7273100 Hotopha Creek near Batesville, MS 0.000000141 2026 0.77 145
7287404 Harland Creek near Howard, MS 0.000000152 1596 0.81 531
7277700 Hickahala Creek near Senatobia, MS 0.0000000122 2.237 0.65 406
7275530 Long Creek near Pope, MS 0.000000599 1.692 086 214
7277730 Senatobia Creek near Senatobia, MS 0.000000679 1.645 0.85 10
1E+3 E_
1E+2 E:
E o
1E+1 —
g 1E+0 E_
% 1E-1 o
(7]
[a)
°
= 1E-2
[0)
1E-3 o USGS Sand Fraction Data
o —  Yazoo Basin Study (CSU, 1978)
1E-4 © ° — Regression of USGS Data
o A HEC-2/Brownlie, D50
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Figure 5.2 Comparison of Sediment Relationships for Abiaca Creek, Site No. 6
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to particle size, the dominant sediment transport mode can be subdivided into bedload, mixed load, and
suspended load.

Suspended load is dominant for vaues of the shear velocity to fal velocity ratio greater than 2.5.

For ahypothetica range of particlesizesfrom 1 mmto 0.063 mm, dopefrom 0.0005 to 0.001, and depth
from 0.015 m to 1.52 m, the range of values for the shear velocity to fal velocity ratio varies from a
minimum of 2.6 to amaximum of 379. Therefore, for most conditions occurring within the DEC streams,

the dominant transport mechanism is suspended load, which implies that the suspended sand discharge
closgly approximates the tota bed materia load. There is close agreement between the observed
suspended sand discharge and the Brownlie procedure for total bed materid load in sand channels. The
dominance of suspended sand transport in the DEC streamsis substantiated by the Guy et al. (1966) and

Julien (1995) andlysis; therefore, the suspended sediment discharge was used in this investigation as the
total bed materia load for Stes at which the data are available. The Brownlie procedure will be used to
computetotal bed material load in the absence of measured data. Nash (1994) assumed that the bedload

contribution is relatively inggnificant as compared to totd load. Others have dso made this assumption
(e.g., Benson and Thomas, 1966; Biedenharn et al., 1987; and Dunne, 1979).

515 WATERSHED HYDROLOGY

The hydrology of a river reach is defined by the recorded flow data, flow duration, bankfull
discharge, and annud hydrograph shape. The mean annud flow of ariver gives an indication of the size of
a dream and is readily available from discharge records. Based on the mean annud flow, a Stream is
classified as being smal if the mean annual discharge is less than 10,000 cfs (283 m?/s) and the bankfull
dischargeis less than 50,000 cfs (1,416 nv/s).

Bankfull discharge and effective discharge are extensvely discussed inthismanud (Section 5.3.1).
The effective discharge should be computed and utilized in design caculaions.

The shape of the annua hydrograph depends on the route in which runoff flows to a stream and
the storage characterigtics of the basin. The hydrograph can be consdered an indicator of the sediment
yield from the drainage basin and a reflection of the climate in which the stream reach islocated. Rainfall
intengty, number of precipitation events, and seasond distribution of precipitation arefactorsthat affect the
sediment yield and are reflected in the hydrograph. Man-made structures such as channel diversons and
reservoirs can have a serious effect on flow rate and storage capacity. These effects are reflected in the
shape of the hydrograph and the skewness of the discharge. The land use in the regionwill aso affect the
shape of the hydrograph. While it is difficult to exactly quantify these effects from the hydrograph, the
shape, nonetheless, can give agood indght into basin characterigtics.
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5.1.5.1 Project Hydrology Considerations

The hydrology of the watershed determines one of the fundamenta driving forces of the system,
i.e., the amount of water flowing across the watershed and through the stream system.  Flowing water
shapes the watershed and channd systems through erosion processes. The following section will present
concepts of hydrology essentid to evauating runoff and sediment transport potentialss.

5.1.5.1.1 Gage Data

Higtorica and red time stream gaging dataare availablefor many gaged streams. Thesedataaong
with awide variety of useful information may be easily downloaded by those with Internet access at the
following USGS web ste: http://water data.usgs.gov/.

5.1.5.1.2 Frequency Analysis

The recurrence interval for discharges at the ungaged sites can be determined from USGS
regiondized relationships using regiondized hydrol ogy procedure, for example Landersand Wilson (1991)
was used for the DEC Project. Because of the relatively short period of record for the gaged Sites, less
thanten years, thismethod was aso utilized for the gaged sites. Therdationship proposed by Landersand
Wilson (199)) is

Q " aDA"S‘ (LY (5.1)
where Q, = discharge at recurrence interva x years,
DA = drainage areain square miles,
S = channd dope, ft/ft;
L = mgor drainage path length; and
a, b,c,d = coefficients and exponents are listed in Table 5.6

Of course, other more computationaly sophisticated hydrology models are available. Some of these are
discussed in Section 5.1.5.2.
Table 5.6 Regiond Discharge Recurrence Interval Coefficients and Exponents

Recurrence Interva a b C d

2 year 66.2 0.88 0.51 -0.11
5 year 94.7 0.93 0.51 -0.15
10 year 122 0.96 0.49 -0.19
25 year 164 0.99 0.47 -0.24
50 year 197 1.00 0.45 -0.26
100 year 230 1.00 0.44 -0.25
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The 2-year recurrence interva was used as an index value by which watersheds could be
compared, and by which discharges computed for one location within a watershed could be transferred
to other locations within the same watershed.

5.1.5.1.3 Flow Duration Curve

A flow duration curve is a cumulaive digtribution function of discharges, as shown in Figure 5.3.
A cumulative digtribution diagram is prepared by dividing the discharge data into equa width classes. A
count of the number of discharges in each classis made to make ahistogram, and then adding each bar of
ahisogram to congtruct the cumulative distribution function.

Hotopha Creek
10000

1000

100

Dsdarge(ds)

T T UL | T T T T
100.0

o
[

1.0 10.0
Percentage of time equaled or exceeded

Figure5.3 Cumulative Didribution Function of Discharge for
Hotopha Creek, Mean Daily Data

The USGSflow duration procedure dividesthedatainto 35 classes. Thelowest classiszero, with
aclasswidth of 0to 0. Thenext dasswidthisOto the minimum dischargevaue. Theremaining 33 classes
are determined by subtracting the logarithm of the minimum discharge from the logarithm of the maximum
vaue, and dividing by 33 to form equa logarithmic class widths. The upper interva must include the
greatest measured discharge. After the classwidths are set, a spreadsheet can be utilized to develop class
counts for each year of the data and histogram vaues for equa classes can be directly added to develop
the histogram for the tota period of record. For example, hisograms for 35 years of record may be
developed in 5-year increments and can be added to form the total data set histogram. Equa width
aithmetic classes can dso be used to develop the flow duration rdationship. Although these equa width
classes can give better definition or the higher discharge vaues, representation or the low discharges will
be masked by therelatively larger classintervasat the low discharge portion of the histogram. Arithmetic
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class widths may give better definition in the effective discharge range, and poorer definition for
computation of sediment yield, or for low flow water quality and habitat investigations.

Flow duration rel ationships were developed for ten USGS gaging stations within the DEC region
for the mean daily record and for the 15-minute interval record. The results of these computations are
presented in Figure 5.4 for the mean daily data, and Figure 5.5 for the 15-minute data.

5.1.5.1.4 Watershed Data

An area of land that drains to a sSingle outlet or waterbody is called a watershed. Watershed
boundaries follow the ridgdines and topographic divides that separate lands draining to different surface
waters. Beforeawatershed plan can be created, whether for erosion control, water quality, or some other
purpose, it is essentia to know what exigts in the watershed. The following sections briefly describe the
fundamenta information needed to characterize watershed hydrology and define boundary conditionsfor
any subsequent hydraulic andyses.

5.1.5.1.5 Watershed Boundaries and Areas

A fundamentd step in any watershed andysisisto delineate the boundary of the watershed above
some point of interest and determine the contributing land area within that boundary. Watershed
boundaries may be delineated by severd means at various levels of accuracy. Watersheds may aso be
defined at many different scaes and sizesfrom the scae of the Mississippi River watershed to the scale of
the many thousands of streams and rivers that make up smaller watersheds within the larger Missssppi
Basn. Perhaps the most common approach is to use USGS topographic maps at either 1:24,000 or
1:100,000 scaes to identify the contributing area above the watershed outlet by tracing ridgdines
determined from devationd contours. Thetechniquefor determining watershed boundary on atopographic
map is to start at the base level and, working uphill, mark the ridgeline. The decision as to whether a
particular piece of ground is“in” or “out” of the watershed may be determined by examining whether the
areaof interest flowsto the stream above the base level or watershed outlet. Threesmpleruleshepinthis
determination:

1. Water tendsto flow perpendicularly across contour lines,
2. Ridgesareindicated by contour “V”s pointing downhill; and
3. Drainages areindicated by contour “V”s pointing upstream.

Once the watershed boundary has been delineated, the area within may be estimated using a
planimeter, tracing paper and a grid overlay, or by digitization using a digitizing tablet and an gppropriate
software package. More sophisticated gpproaches include the use of Geographic Information Systems
(GIS) and digita eevation modeds to compute watershed areas. While it is recognized that most of the
watershed is, in dl likelihood, on a dope, the area that is reported is the horizonta projection of the
watershed boundary. In regions where extensive drainage or supply networks are linked across former
watershed divides, care must be taken to adequately represent
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Figure55 Flow Duration Relationships for 15-Minute Data
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the area contributing water to the basin outlet. Field reconnaissance is an essential component of most
watershed studies, particularly with regard to urban and agricultura drainage networks and the behavior
of hydraulic structures.

Exiding digitd coverages of watershed boundaries sometimes preclude the need for watershed
delinegtion. In mogt areas of the country, the boundaries of large watersheds (on the order of 1,000 square
miles) have dready been digitized by federal and/or State agencies. These boundariesarewiddly available
a the scale of river basins and mgjor subbasins but availability of smal watershed boundariesvariesfrom
stateto state. The USGS assgnsasystem of numerical codesthat providesinformation onlocation, scale,
and hierarchy/nesting for each basin.  River basin scae watersheds with eight and eeven digit codes are
widdy available whereas fourteen digit “hydrologic units’ are much less avalable. Fourteen digit
watersheds, when available, are an excellent resource for watershed planning and management activities
and usually depict watershed areas on the order of 10-100 mi2. 1t has been estimated that over 93 percent
of streams nationwide have drainage areas of less than 23 square miles (Leopold et al., 1964). Planning
on the scale of these smdl watersheds, therefore, has the potential to positively effect a great mgority of
surface waters.

5.1.5.1.6 Watershed Attributes — Geographic | nformation Systems

Once a watershed has been identified, a number of parameters can be caculaed that ad in
describing and quantifying the characteristics of the watershed. The determination of severa watershed
parameters provides information that is useful in making decisions about how to manage the watershed in
addition to smply describing it. Organizations in the United States that offer GI'S resources include:

Alaska Geospatia Data Clearinghouse
Arkansas, Center For Advanced Spatial Technologies
Arizona Geographic Information Council
Cdifornia
- TedeData Center
- Cdifornia Geographic Information Council
Colorado Geographic Information Coordinating Committee
Florida Data Directory
Idaho Geographic Information Center
[llinois Natural History Survey
lowa
- lowa Geographic Information Council
- lowaGeospatia Data Clearinghouse
- lowaDept. of Natural Resources
1 Kansas
- Kansas Data Access and Support Center (DASC)
- Kansas Geographic Information Systems Policy Board
1 Kentucky Geographic Information Advisory Council
I Louisana Geographic Information System Council
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Maine Office of GIS

Maryland State Government Geographic Coordinating Committee
Massachusetts Executive Office of Environmentd Affairs
Michigan Resource Information System (MIRIS)
Governor's Council on Geographic Information
Minnesota Land Management Information Center

- MN GISLIS Consortium

- MN DNR MIS Bureau

Missouri Spatid Data Information Service

Montana

- MontanaState Library GIS Program

- MontanaLoca Government GIS Codition
Nebraska

- Nebraska Geospatia Data Clearinghouse

- Nebraska Natura Resources Commission

Nevada Bureau of Mines and Geology

New Hampshire Resource Net

New Jersey GIS Resource Guide

New Mexico GIS Advisory Council

New Y ork State Center for Technology in Government
North Carolina Center for Geographic Information and Analyss
North Dakota State Data Center

Ohio Geographicdly Referenced Information Program

Oklahoma Spatid and Environmentad Information Clearinghouse (SEIC)

Oregon's Center for Geographic Information Systems
Pennsylvania Mapping And Geographic Information Consortium
Rhode Idand Geographic Information System Data

Texas GIS Planning Council

Utah Automated Geographic Reference Center

Vermont

- Vermont Geographic Information System

- ANR-ISP Project

Washington State Geographic Information Council

West Virginia Library Commission

Wisconsn

- Wiscongn Land Information Clearinghouse

- Wisconan Land Information Clearinghouse NSDI node
Wyoming Geographic Information Advisory Council

U.S. Geologicd Survey (USGS)

- Globd Land Information System

- Index to USGS Digitd Data product availability

- USGS Explandion of GIS

Federd Geographic Data Committee
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1 Environmenta Protection Agency
I U.S CensusBureau
- TIGERfiles
- TIGER Map Browser
I U.S Fishand Wildlife Service
- Nationa Wetlands Inventory
I NASA
1 U.S Dept. of Agriculture (USDA) - Natura Resources Conservation Service

5.15.1.7 Land Use

Land use may have a profound effect on hydrologic processes including runoff quantity, quality,
and timing, infiltration, and sediment transport and delivery. For this reason, the effects of land use must
be accounted for in any comprehensive watershed analysis. In many watersheds, land use changes have
directly resulted in accelerated geomorphic activity and excessive sedimentation. The effect of land use
dterations may be generdized as achange in the natural soragein awatershed. Thisdteration may lead
to an increase in both runoff volume and rate with an associated incresse in eroson and sedimentation
potentid. Even where land use changes do not result in a Sgnificant increase in updope erosion, atered
runoff delivery may increase channd eroson and downstream sediment deposition.  Changes in the
meagnitude, relative proportions, and timing of sediment and water ddlivery result inloss of water qudity via
a wide variety of mechanisms. These mechanisms include changes in channel bed materid, increased
suspended sediment loads, loss of riparian habitat due to stream bank erosion, and changes in the
predictability and variability of flow and sediment transport characterigtics reative to agudtic life cycles
(Waters, 1995).

Thereisan increasing variety of sources of land use/ land cover data. The most common forms
are agrid photography and digitd satelliteimagery. Important congderations in selecting land use / land
cover information include scale, resol ution, and gpplicability to current conditions (vintage). Asan example,
congder Landsat Thematic Mapper satdlite imagery (30 m pixds) from this decade thet is available for
many parts of the country. These data are usudly classfied into severd types of land cover including
various hardwood and evergreen forest types, agricultura land cover types, and differing densities of urban
and suburban development. For practica purposes, especidly in predominately forested areas, Landsat
datamay be used to differentiate evergreen from deciduous forest, grassand from most cropland, and to
identify urban centers without substantial forest canopy cover. Attemptsto “push” the data beyond these
limitswill often result in erroneous results. It isaso important to remember that remotely-sensed land use
/ land cover information may not necessarily be representative of bel ow-canopy processes. For example,
forested resdential areas or severe disturbance to streambanks and riparian areas may beindistinguishable
fromrelatively pristine locationsif covered by aforest canopy. Furthermore, changesin land use that may
have occurred since the imagery was taken will not be reflected in the data. Pixel 9ze and cell averaging
techniques aso limit data applicability in identifying festures such as narrow riparian zones. Feld
reconnai ssance and recognition of the limitations of remotely sensed data through the examination of error
andyses and metadata are critica in estimating model parameters and determining appropriate action.
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Sources of aerid photography include the geographic information clearinghouses described above
aswel asloca or state government planning agencies, forest products companies, and federd agencies
such as the U.S. Army Corps of Engineers, Natura Resources Conservation Service (formerly SCS),
Farm Services Agency, U.S. Forest Service, Bureau of Land Management, etc. If the desired land use
/ land cover data are not available in an appropriate digita form, the techniques described for determining
watershed area may be used in conjunction with maps or photos to determine the relaive proportions of
various land uses within the watershed boundary.

Fromapracticd engineering hydrology standpoint, representative land useinformation is essentia
to determining appropriate parameters to describe runoff-infiltration processes. The most common forms
of such parameters are the SCS Curve Number (CN) and the Rationa “C” runoff coefficient. If alumped
parameter modd such as HEC-1 is used, an area weighted curve number or runoff coefficient is usudly
computed for the entire watershed or, if the watershed has been discreti zed into sub-watersheds, each sub-
watershed. If a distributed-parameter hydrologic mode is used to smulate watershed hydrology, a
parameter representing runoff-infiltration processes associated with land use and soil type will be required
for each andysis cdl. Export coefficients or Universa Soil Loss Equation parameters associated with
sediment delivery from different land covers / uses and conservation practices o provide critica
information in understanding and predicting watershed response.

5.1.5.1.8 Soils

Soil physica properties are al'so important determinants of runoff-infiltration processes. Soil pore
space is a giant reservoir that provides the primary buffering of precipitation delivered irregularly to the
surface of the Earth. Aswith land use, some knowledge of soil propertiesin the watershed of interest is
essentid to the selection of gppropriate modd parameters. Even in the smplest hydrologic models such
asthe SCS CN gpproach, soil physica properties are commonly used in conjunction with land use/ land
cover information to select parameters describing runoff-infiltration processes.

Physicd, chemicd, and biologica properties of various soil mapping units arereadily availablein
the form of Natura Resources Conservation Service (NRCS) County Soil Surveys. Depending on the
level of detall required in a particular hydrologic analyss, afew or dl of the following data provided by
NRCS may prove useful:

Soil maps (usualy 1:24,000 scade)

Soil texture of each mapping unit

Soil permeshility (usudly overestimated in county soil surveys, particularly for non-agriculturd soils)
Soil Hydrologic Groups (A, B, C, D)

As described above, digitd soil layers (DSLs) are available for many parts of the country.
Although DSLs may only contain the soil mapping unit namein addition to the basic GI S descriptors, each
polygon or cdl inaDSL may be linked to additiond “lookup tables’ so that the full range of soil physica
properties described in a county soil survey may be utilized in hydrologic anadyses.
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5.1.5.1.9 Weather and Climatological Data

An enormous variety of weather and climatologica data are available from the Nationd Oceanic
and Atmospheric Adminigtration’s (NOAA) Nationd Climatic Data Center (NCDC) on the world wide
web at http://mww.ncdc.noaa.gov/. NCDC is the world's largest active archive of weather data. In
addition to producing numerous climate publications and responding to data requests from dl over the
world, NCDC supports a three tier nationa climate services support program that includes NCDC,
Regiond Climate Centers (RCC's), and State Climatologists. Wesather and climatologicad data are useful
inidentifying the magnitude and rate of preci pitation associated with aparticular design sorm, temperature,
humidity and other data used in modeling evapotranspiration processes, and long-term records of rainfall
for locations of interest.

5.1.5.1.10 Watershed Climate and Hydrology

For many years, the USGS has been involved in the devel opment of regiona regression equations
for estimating flood magnitude and frequency a ungaged Sites. These regresson equations are used to
transfer flood characterigtics from gaged to ungaged Sites through the use of watershed and climatic
characteristics as explanatory or predictor variables. The USGS-developed regression equations are
generdly unbiased, reproducible, and easy to apply. The standard errors of estimate or prediction
generdly range from 30-60 percent, with 21 states having standard errorsin thisrange. Therearefourteen
states where there is a least one hydrologic region within the state with a standard error less than 30
percent. Thelargest sandard errors arefor equations applying the western portion of the nation where the
at-gte variability of the flood records is greater, where the network of unregulated gaging sationsis less
dense and there are more difficulties in regionaizing flood characterigtics, and the flood records are
generdly shorter. The smalest standard errors are generaly for equations developed for the eastern
portionof the country where the converse of the above conditionsisgenerdly true. Regiondized discharge
isdiscussed in Section 3.1.2.

In geomorphic or hydraulic andyses of fluvia systems, it is often necessary to identify a“channd-
forming” or “effective’ discharge that exerts the most morphologic influence over channel geometry. The
andler of the bankfull or estimated two year discharge (Q2) is frequently used as surrogate vaue of
effective discharge when flow and sediment monitoring data are insufficient to directly compute the actud
effective discharge. Edtimates of Q2 derived from the above equation may be particularly useful in
assessment and design under these common circumstances.  Since hydrology determines the boundary
conditions for hydraulic andyses, the accuracy of any subsequent hydraulic anayses will only beasgood
as the hydrologic information upon which they are based.
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5.1.5.2 Computation of Project Hydrology - Hydrology Models

Although there are many different computer models that can be utilized in developing project
hydrology, only HEC-1 (USACE, 1985) and CAS2D (Julien et al., 1995) will be discussed. HEC-1is
probably the hydrologic model most familiar to USACE personnd, and CAS2D isthe one of the surface-
water hydrologic models sdlected to be included in the watershed modeling system under development by
the USACE.

5.15.2.1 HEC-1

Ponce (1985) describes HEC-1, subtitled Flood Hydrograph Package, as a programdesigned
to be used for the smulation of flood events in watersheds and river basins (USACE, 1985). Theriver
basin is represented as an interconnected system of hydrologic and hydraulic components. Each
component models an aspect of the precipitation-runoff process within a portion of the basin referred to
as subbasin. Component description requires the knowledge of a set of parameters and mathematica
rel ationships describing the physical processes. Theresult of themodeling isthe computation of streamflow
hydrographs at desired locations within the river basin.

A river basin is represented as an interconnected group of subbasins. Within each subbasin, the
hydrologic processes are represented by average parameter vaues. For hydrologicaly nonhomogeneous
subbasins, further subdivision may be necessary to ensure that average parameter va ues are representative
of each subbasin entity.

HEC-1isan event modd; therefore, it has no provison for soil moisture recovery during periods
of no precipitation, withsmulationsbeing limited to asingle-sorm event. Themode ca culates discharges
only, dthough stages can be indirectly determined through ratings supplied by the user. Alternatively, the
results of HEC-1 can be used as input to HEC-2, which caculates stages based on discharge by using
steady gradudly varied flow principles. In HEC-1, stream channd routing is accomplished by hydrologic
methods. Therefore, the mode does not account for the dynamic effects that are present in rivers of mild
dope. Resarvoir routing is based on the modified Puls technique, which may not be applicable in cases
where reservoirs are operated with controlled outflow.

HEC-1 model components smulate the rainfal-runoff process as it occurs in a river basin.
Mathematicd relaions are intended to represent individual meteorologica, hydrologic, and hydraulic
processes encompassing the rainfall-runoff phenomena. The processes considered in HEC-1 are (1)
precipitation, (2) interception/infiltration, (3) transformation of effective precipitation into subbasin runoff,
(4) addition of baseflow, and (5) flood hydrograph routing, either in stream channels or reservoirs.

Rough estimates of HEC-1 model parameters can usualy be obtained from individua experience
or by other empiricad means. Calibration usng measured data, however, isthe preferred way of estimating
modd parameters.  With rainfdl-runoff data from gaged caichments, the mathematica optimization
dgorithm included in HEC-1 can be used to estimate some model parameters. Using regiond anadyss,
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parameters obtained in this way can be tranderred to ungaged catchments of similar hydrologic
characteristics (USACE, 1985).

Information on the availability of HEC-1 can be obtained from the U.S. Army Corps of Engineers
Hydrologic Engineering Center internet Site, http://mww.water engr.com/ hecprog2.htm.

5.1.5.2.2 CASC2D

Ogden (1998) describes CASC2D as afully-unsteady, physicaly-based, distributed-parameter,
raster (square-grid), two-dimensiond, infiltration-excess (Hortonian) hydrologic mode for smulating the
hydrologic response of watersheds subject to an input rainfal field. Maor components of the model
include: continuous soil-moisture accounting, rainfal interception, infiltration, surface and channd runoff
routing, soil erosion and sediment transport. CASC2D development was initiated in 1989 at the U.S.
Army Research Office (ARO) funded Center for Excellencein Geosciencesat Colorado State University.
The origina verson of CASC2D has been significantly enhanced under funding from ARO and the U.S.
Army Corps of Engineers Waterways Experiment Station (USACEWES). CASC2D has been selected
by USACEWES asits premier two-dimensiond surfacewater hydrologic mode, and isone of the surface-
water hydrologic models support by the Watershed Modeling System (WMS) under development at
Brigham Y oung University.

CASC2D is a state-of-the-art hydrologic model that takes advantage of recent advances in
Geographic Information Systems (GIS), remote sensing, and low-cost computationa power. Compared
with the USACE standard practice surface water hydrology model HEC-1, CASC2D offers significant
improvements in capability. HEC-1 requiresthedivison of study watershedsinto sub-catchmentsthat are
assumed to be hydrologicdly uniform, while CASC2D dlows the user to sdect a grid sze tha
gopropriately describesthe spatia variability in dl watershed characteristics. Furthermore, CASC2D is
physicaly-based; CASC2D solves the equations of conservation of mass and energy to determine the
timing and path of runoff in the watershed. More traditiona approaches such as HEC-1 rely on more
conceptudizations of runoff production. The physically-based gpproach is superior when the modder is
interested in runoff process details a small scaes within the watershed.  Physically-based hydrologic
models are a'so superior when trying to predict the behavior of ungaged watershedswhere cdlibration data
do not exist.

The following paragraphs describe CASC2D input requirements and Smulation cgpabilities. These
descriptions are intended for genera informational purposes. For more detailed descriptions, see Julien
et al. (1995) and Ogden (1997).

Anexplicit, two-dimensond, finite-difference, diffusve-waveschemeisused torouteoverlandflow
in CASC2D (Jdulien et al., 1995). The Manning equation is used to caculae overland flow velocities,
requiring input of a map of spatialy-varied Manning roughness coefficient values for overland flow. The
routing scheme is shown conceptudly in Figure 5.6.
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Figure5.6 Conceptual Sketch of CASC2D Overland Flow
Routing (from Ogden, 1998)

The grid evations shown in Figure 5.6 represent water surface devations, rather than land-surface
elevations because of the diffusive wave formulation.

Overland soil erosioniscaculated in each CASC2D modd grid using the Kilinc (1972) approach
as implemented by Johnson (1997). This method cal cul atesthe sediment discharge g in tons per second
per meter width of overland flow plane using:

qs " 25500 qo2.035 Sol.664 (52)
where: g, = overland flow discharge per unit width (m¥/s) in x and y directions, respectively; and
S, = land-surface dopein x andy directions, respectively.

The Kilinc (1972) method is empirical and based on plot-scale data collection using a bare, sandy-soil.
INCASC2D, three different size-classes of materid are consdered; sand, silt, and clay. Sediment transport
is caculated using Eq. (5.2), and the net erosion/deposition of each Size class is assumed proportiona to
the percentage of soil in each sze class. The amount of sediment transport predicted using Eq. (5.2) is
multiplied by an erosivity factor, and aland-use management factor to consider both of these effects. Both
of these factors have values between 0 and 1.

Once overland sediment reaches the CASC2D channd network, st and clay size fractions are
routed as suspended or “wash” load. The sand sizefraction isassumed to be deposited on the bed of the
channe and routed as bed-load using Y ang' s (1973) method. Channel bed elevationsarealowed to erode
and aggrade in accordance with the rates of sediment influx and outflow.
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CA SC2D has been employed to smulate anumber of study-watershedswith considerable success.
Like any other hydrologic model, CASC2D is founded on assumptions of the relative importance of
different hydrologic processes. Recent experiences with CASC2D have shown that in regions of
infiltration-excess (Hortonian) runoff production, CASC2D is quite accurate at predicting runoff, even at
internd locations within the watershed (Johnson et al., 1993; Ogden et al., 1998). The continuous
smulation capability of CASC2D has been found to be particularly good for reducing the uncertainty in
estimating initid soil-moisture conditions, and for improving calibration uniqueness (Ogden and Senarath,
1997; Ogden et al., 1998). CASC2D has aso proven to bevauable for sudying extreme runoff events.
The mode was recently gpplied to study the extreme flood on the Rapidan River, Virginia, on June 27,
1995 (Smith et al. 1996), for the purpose of examining geomorphologica changes, and the extreme urban
flood event in Trenton, New Jersey (Stock, 1977) for the purpose of recommending stormwater
management improvements. CASC2D is currently being gpplied to evaluate the impact of radar-rainfal
esimation errorsin a study funded by ARO, and in an NSF-sponsored study of the devastating flood that
severely impacted Fort Collins, Colorado, on June 28, 1997.

The overland erosion/sediment transport capabilities of CASC2D were evauated in detail by
Johnson (1997). In upland aress, the method was shown to caculate sediment yield well with the
acceptable range of -50% to +200%. Compared with actud field observations of annua sediment yield,
CASC2D predictions were generdly within 20% of observed vaues.

Further information on CASC2D capabilities and availability can be obtained from the U.S. Army
Engineer Waterways Experiment Station web ste, http://chl.wes.army.mil /softwar é.

5.1.6 METHODSFOR ASSESSING HISTORICAL RIVER STABILITY

The channd dability assessment phase of the systems gpproach requires developing an
understanding of the totd system dynamics. This understanding will alow the investigator to discriminate
between channd reaches that are degradational, aggradationa, or in a state of equilibrium, and dso to
catagorize channd banks as stable or ungtable. A geomorphic investigation of the entire watershed is
beneficid, and the detail of the geomorphic investigation depends on the leve of effort required for the
sysems anadyss. Through the geomorphic study, System responses, past and present, are determined, and
al pertinent data are assmilated to form a picture of the overal system sahility.

Varioustools that facilitate the stability assessment are developed from the gathered information.
The following sections present four typica tools used to assess channd gtability. These include specific
gage andysis, comparative thaweg andlyss, anadlyss of cross section geometry, and aerid photography.
A ddaled fidd invedtigation is dso extremey important in assessing channd stability because the physica
characterigtics of the stream are indicators of the dominant geomorphic processes occurring in the basin.
Section 5.2 describes recommended procedures and methods for field investigations.
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5.1.6.1 Specific Gage Analysis

Perhaps one of themost ussful toolsavailableto the river engineer or geomorphologist for assessing
the higtorical stability of ariver system isthe specific gage record. According to Blench (1966):

Thereisno single sufficient test whether a channel isin-regime. However, for rivers,
the most powerful singletest isto plot curves of “ specific gage” against time; if the
curves neither rise nor fall consistently the channel isin-regimein thevicinity of the
gaging site for most practical purposes.

A specific gage record is smply a graph of stage for a specific discharge at a particular gaging location
plotted againg time. A channd is consdered to be in equilibrium if the specific gage record shows no
consgtent increasing or decreasing trends over time, while an increasing or decreasing trend isindicative
of an aggradationd or degradationd condition, repectively (Figure 5.7).

ILIBRIUM

",

STAGE

Figure 5.7 Definition Sketch of Specific Gage Record

Figure 5.8 isa hypotheticd curve to help illugtrate the procedure for developing a specific gage
record. The first step in the development of a specific gage record is to establish the stage-discharge
relationship at the gage for the period of record being analyzed. The stage-discharge rdationship is
generdly depicted in the form of a stage-discharge rating curve which is a plot of the measured water
discharge versusthe observed stage at the time of measurement. A rating curveis developed for each year
in the period of record. A regression curve is then fit to the data and plotted on the scatter plot. The
regresson curve is often fit by “eye” but the useof a curvefitting technique is recommended in order
to provide amore cons stent procedure that minimizes subjectivity. Since the pecific gage record reflects
only observed datait isimportant that the regression line does not extend beyond the limits of the measured
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data. For thisreason there may be some years where the gage reading for very large or small discharges
may have to be omitted. In this case there will Smply be agap in the specific gage record for that year.

In some ingtances, there may be insufficient data to congtruct a rating curve for each year in the

RATING CURVES SPECIFIC GAGE
7 RECORD

e e — 1000 cfs

I 500 cfs

T T T
0O 10D 200 30D 40D 50D 600 700 8OO BOO 100D 1100 120D 1970 1971 1972

DISCHARGE (cfs) TIME (years)

Figure 5.8 Development of Specific Gage Record

period of record. Inthese Stuationsit may be necessary to combine the data from severd yearsin order
to obtain a large enough data set to develop areliable rating curve. In this case the rating curve would
reflect conditions over some time periods such asfive or ten years.

Oncetherating curves have been devel oped, the discharges to be used in the specific gage record
must be sdlected. This selection will depend, in alarge part, on the objectives of the study. It is usudly
advisable to select discharges that encompasses the entire range of observed flows. This is important
because the behavior of the low and high flows are often quite different. For this example discharges of
100 cfs, 500 cfs, and 1,000 cfs were selected. The stagefor each of these flows at each time period
is determined from the regression curvesin Figure 5.8. For example, the stage for 500 cfswas 26 feet in
1970, 29.8 feet in 1971, and 22.5 feet in 1972. This data is then plotted to produce the specific gage
record shown in Figure 5.8. Note that in 1971 there is no observed point on the specific gage record for
the 1,000 cfs flow because the rating curve only extended up to 800 cfs that year.

The development of a gpecific gage record isasmple, straightforward procedure. However, the
interpretation of specific gage records is more complex. The following paragraphs provide examples of
the use of specific gage records.

To utilize a specific gage record properly it is necessary to understand exactly whet it isa specific

gage depicts. Specific gage records are often used to show aggradationa and degradationa trendsin a
river. Aggradation and degradation are termsthat are generally associated with theincrease or decrease
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in the bed devation of astream. Therefore, specific gage records are associated with the changes in the
bed elevation. However, a specific gage record charts the change in the stage of the water surface for a
given discharge through time, and does not necessarily reflect the behavior of the bed of theriver. While
it istruethat in many cases, thelowering or raising of sagesisaresult of changesin the bed devation, there
are other factors other than the bed e evation that can affect the water surface stage. For thisreason, one
must be careful when assuming that the specific gage records reflects the behavior of the stream bed.

Specific gage records are often used to il lustrate the response of ariver to various dterationsin the
channel or watershed. Inglis (1949) used specific gage records to document the response of the Indus
River downstream of the Lloyd Barrage (Figure 5.9). Inglis used a dight variation of the procedure
described by defining the specific gage record based on risng and fdling stages. According to Blench
(1966):

The object of these curves was to show therelatively sudden regime changes dueto
barrage construction and later extension, each followed by a relatively slow trend
(or secular change of regime) towards a new steady regime at a higher elevation
than originally, due to sediment exclusion from the canals and reduced river flow.
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Figure5.9 Specific Gage Record, Indus River Downstream of
Sukkar Barrage (after Inglis, 1949)

Another example of the response of ariver to the congtruction of adamisillustrated in Figure 5.10
which shows the specific gage curves below the Trimmu Barrage, India(Galay, 1983). The specific gage

128



Fundamentals of Engineering Design

records clearly indicatetheimmediate lowering in water level s after the barragewasbuilt. Figure5.10 aso
indicates that the stages began a dow increase following the initid drop. Thus, the specific gage record
provides a clear representation of the historical long-term channd response on this system.

On many river systems the response of the channd a low and high flowsis entirely different. For
this reason, it is often advisable to devel op aspecific gage record that coversthe entire range of flowsthat
the river encounters. The following example is presented to illustrate how the specific gage record can
document the difference between the low flow and high flow response. Biedenharn (1983) used specific
gage records to document the channd response of the Little Tadlahatchie River below Sardis Dam in north
Missssippi. Figure5.11 showsthe specific gagerecord for the Little Talahatchie River a Belmont Bridge
whichislocated goproximately sx milesbeow Sardis Dam in north Mississppi. The specific gage record
was developed for the entire range of flows encountered on the river, ranging from alow flow of 500 cfs
to anear bankfull flow of 5,000 cfs. Asshownin Figure5.11, the constant level of the specific gagerecord
prior to 1939 indicates that both thelow and high flowswerefairly stable. With the closure of Sardis Dam
in 1939 and the congtruction of five cutoffs immediatey below the dam in 1941, the high flow stages
showed an immediate and dramatic lowering. Between 1943 and 1950, the high flow stage began to
increase as the channel began to aggrade. After about 1950, the stages appeared to have stabilized
somewhat until about the late 1960's when the stages began to increase again. The response of the low
flow stage was entirdy different. Following the closure of Sardis Dam and the construction of the cutoffs,
the low flow stage do not show any change. Infact, thelow flow stages do not show any significant change
until the late 1960s when they began to increase dramaticdly. Thusthe most significant changesin the low
and high water stages occurred during two different time periods and in different directions: the high flow
stages lowered about 3 to 4 feet between 1939 and 1943 while the low flow stages rose about 3 feet
during the period 1967 to 1980.

By definition, agpecific gage record representsthe variation in sagefor agiven discharge over time
at aspecificlocation ontheriver. Therefore, aspecific gage record provides apicture of theriver behavior
at one point on the river, and does not necessaily reflect how the river is behaving upstream or
downstream of that location. For this reason it is hepful if specific gage records can be developed a
various locations along the river in order to illugtrate how the overdl system has responded.  This often
alows the engineer to develop an understanding of the connectivity of the sysem. Thispoint isillusrated
in Figure 5.12 which showsthe specific gage records for the Red River at Shreveport, Louisiana and
Alexandria, Louisanafor a discharge of 100,000 cfs for the time period 1895 to 1985. A discharge of
100,000 cfs is a fairly high flow with a return period just under 2 years. Shreveport is located
approximately 160 miles upstream of Alexandria. Throughout the 1800's, the Red River was blocked by
a huge log jam which extended about 80 miles upstream and downstream of Shreveport. Thislog jam,
which was known as the Red River Raft, wasfindly removed inthelate 1800's. With theremova of this
blockage, the stages at Shreveport were lowered dramaticaly. According to the specific gage record
(Figure 5.12), the stages were lowered approximately 15 feet by 1940. However, during this sametime
period (1895 to 1940), the stage at Alexandria actualy increased approximately 4 feet (Figure 5.12),
possibly as aresult of the increased
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sediment load from the degradationd reach upstream. Thus, the specific gage records indicate that two
entirdy different modes of channd response were occurring: degradation at Shreveport and aggradation
a Alexandria

An excdlent example of the use of specific gage records to illudtrate the varied response dong a
river sysem is shown in Figure 5.13. Figure 5.13 shows specific gage records for seven gaging stations
aong the Missssppi River from Columbus, Kentucky to Red River Landing, Louisianafor near bankfull
conditions for the time period 1860 to 1975 (Winkley, 1977). During the period 1933 to 1942, 16
manmeade cutoffs were congtructed on the river from just below Natchez to just above Heena. These
cutoffs shortened theriver gpproximately 160 miles. Theimmediate effect of these cutoffsisclearly shown
(Figure 5.13) at the Natchez, Vicksourg, Arkansas City, and Helena gages where stages were lowered
considerably. The most dramatic lowering occurred at Vicksburgand Arkansas City where stages were
lowered approximatdy 15 and 12 feet, respectively. Since about 1950, the Natchez and Vicksburg
gages have reversed their degradational trend and appear to be aggradationd, while the stage at Arkansas
City appearsto have stabilized. Inthe upper reaches, Helenaand Memphisare continuing on adownward
trend. Further upstream, at the Columbus gage there has been no observed lowering that could be
associated with the cutoffs. Thus the specific gage records provide a record of the complex response of
the channel and a means of assessing the relative sability between various locations dong theriver. One
of the most common mistakes in the utilization of specific gage recordsis to place too much emphasis on
ashort time period. The specific gage records on most rivers exhibit cons derable variation about amean
vaue. There may even be cydlic patternsin the record. Therefore, locdized trends in the specific gage
record over relatively short time periods may not reflect atrue long-term progression of the river. Thisis
illugrated by examining the specific gage record for the Missssippi River & Arkansas City for the time
period 1940 to 1974 (Figure 5.14). Looking at Figure 5.14, one can see how an engineer in 1974 might
be tempted to conclude that degradational trend that had existed since 1940 had ended about 1967, and
that the channd was now in an aggradationd mode. The engineer might then use this aggradationd
assumption as the basis for design of channd improvement features such as levees, revetments dikes, or
for making projections about long-term dredging quantities and channd response. However, when the
period of record is extended to 1990 (Figure 5.15) it becomes apparent that the 1967 - 1974 period
was just a short-term phenomenon, and that the channel is till on a degradationd trend. Thusthedesign
assumption mentioned above would have been in error.

Specific gagerecordsare an excellent tool for assessing the historica stability at aspecific location.
However, specific gage records have two limitations. First, a specific gage record only indicates the
conditions at a particular gaging station and does not necessaxily reflect river response upstream or
downstream of the gage. Second, a specific gage record does not provide any indication about future
degradation or aggradation trends. Extrapolation of specific gage recordsinto the futureis extremely risky
and is generdly not recommended. Therefore, even though the specific gage record is one of the most
vauable tools used by river engineers, it must be coupled with other assessment techniques such asdope
andydsin order to assess reach conditions, or to make predictions about the ultimate response on ariver.
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5.1.6.2 Compar ative Thalweg Analysis

One of the best methods for directly assessing historical channel response is to compare thalweg
surveys. Thisconsstsof comparing thaweg surveysat different time periods. Comparison of surveyscan
give agood indication of the historical response of the channd. For instance, a thaweg comparison can
show whether the channdl bed was degradationd or aggradational during thetime period between surveys.

Thaweg surveys are taken dong the channel at the lowest point in the cross section. Thus, a
thalweg survey provides a profile of the bed eevation dong the channd a a specific point in time.
Comparison of severa thaweg surveys taken at different points in time alows the engineer or
geomorphologist to chart the change in the bed devation through time. Whereas, a specific gage record
smply reflects changesin the water surface stage, andyss of thaweg surveys can indicateif these changes
are due to changesin bed devation.

Thefirgt sep in comparing thaweg surveysisto gather dl the existing surveys on the channd reach
being studied. In most cases, the surveys will be in a cross sectiond format. If this is the case then the
thalweg devationmust be obtained from the cross section survey. Thisisnot necessary in Stuationswhere
an actua survey of the thalweg is made by the survey team. Thethaweg profilesfor each time period are
then plotted on the same graph for comparison.

An example of acomparative thaweg survey for Long Creek in north Mississppi between 1977
and 1985 isshown in Figure 5.16. Asindicated by this thalweg comparison, the bed of the channd was
approximately 10 feet lower in 1985 than in 1977 below about station 320+00. Thusthis plot indicates
that the channd was degradationa at some time during the period 1977 to 1985. However, it provides
no information on the stability of the channe bedin 1985. Although the bed was 10 feet lower in 1985 than
it wasin 1977, thisdoes not necessarily mean that the channel bed was actively degrading in 1985. Infact,
it is possible that the channd could have degraded 15 feet between 1977 and 1980, but then began to
aggrade after that so that by 1985 the bed was only 10 lower. Therefore, caution must be used when
interpreting comparative thalweg profiles. 1f the surveys are only a few years apart, there may be
reasonable confidence that the surveys are depicting what is currently happening in the river system.
However, if thetimeof the surveysarefar gpart (say 10, 20, or maybe 50 years) then there would be some
uncertainty as to whether the surveys reflect the ongoing process.

There are certain limitations that should be considered when comparing surveyson ariver system.
When looking at thalweg profiles it is often difficult, especidly on large river sysems, to determine any
digtinct trends of aggradation or degradation if there are large scour holes, particularly in the bendways.
These loca scour holes may completely overwhelm the variations in the thalweg. For instance, onalarge
river system such as the Missssippi River, scour depths may be in excess of 60 feet, but variaions or
changesin the overdl bed devation may be anorder of magnitude less. In thisstuation, it would be very
difficult to note any aggradationa or degradationa trends because of the scale effects. This problem can
sometimes be overcome by eiminating the pool sections, and focusing only on the crossing locations.
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Figure5.16 Comparative Thaweg Profiles for Long Creek, Missssppi

Focusing on the crossing elevations may eliminate much of the local variation due to bed scour in
bendways, thereby, alowing aggradationa or degradationd trends to be more easily observable.

5.1.6.3 Analysis of Cross Section Geometry

Section 5.1.6.2 addressed the use of comparative thalweg profiles to assess the stability of a
channel system. While thaweg profiles are a useful tool it must be recognized that they only reflect how
the behavior of the channd bed and do not provide information about the channd as awhole. For this
reason it is often advisable to study the changes in the overal cross sectiona geometry. Cross sectiona
geometry refersto width, depth, area, wetted perimeter, hydraulic radius, and channel conveyance (AR?3)
at a pecific cross section.

If channdl cross sections are surveyed at permanent range locations then channd geometry, as
reflected by depth, width, area, width-depth ratio, and conveyance (usualy calculated as AR?®) can be
compared directly at different time periods. At each range, the cross section plots for the various time
periods can be overlaid and compared.

One problem with the above method is that there may be so many cross sections that it becomes

impossible to interpret the results. Another problem isthat it is seldom the case that the cross sections are
located inthe exact same place year after year. Because of these problemsit is often advisableto compare
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reach average values of the cross sectional geometry parameters. This requires the study area to be
divided into distinct reaches based on geomorphic characteristics. Next, the cross sectiona parameters
are calculated at each cross section, and then averaged for the entirereach. Then thereach average values
can be compared for each survey period.

A smple example of the use of comparative surveys to document historical channd changes can
be seen by observing the behavior of the Smmesport dischargerange onthe AtchafdayaRiver in Louisana
at 9x pointsin time between 1931 and 1977 (Figure 5.17). Asshown in Figure 5.17, the channel at this
location has been progressively degpening and widening since the early 1930s.

The above example is avery smple case where the channel changes a a specific location were
anadyzed. However, the response at this particular location may not be representative of the morphology
of the rest of the channd system. For this reason, it is usudly best to compare cross sections dong the
entire length of the study reach. Unfortunatdly, it isvery rare for cross sections to be located in the same
place from survey to survey. This presents a problem in making direct comparisons of cross section
dimensons. One solution to this problem is to develop and compare reach average values of cross
sectiond parameters. Biedenharn (1983) used reach average values to document the channel response
on the Little Talahatchie River below Sardis Dam in north Mississppi. Thestudy areabelow SardisDam
was divided into two geomorphic reaches. Reach 1 extended from the dam to Floyd' sIdand, adistance
of 2.7 miles. Reach 2 extended about 7 miles below Foyd's Idand to the Railroad Bridge. Channel
urveys were available for the study area from 1940 to 1980. Unfortunately, the locations of the cross
section ranges varied somewhat on each survey. Therefore, the average depth, width, and area from dl
the cross sections in each study reach were caculated. Figures 5.18 and 5.19 show the average cross
sectiongeometry changesfrom 1940 to 1980 for reach 1 and reach 2, respectively. Thesereach averaged
vaues were usad in conjunction with specific gage andyss to document the morphologic response of the
channel to the condtruction of Sardis Dam.

5.1.6.4 Aerial Photography

A comparison of historica and present aerid photography can identify areas that have been
channelized or redigned. Aeria photography aso provides some information on land use changes. With
good qudity photography, it is possible to locate knickpoints in the channels as well as areas of ingtability
(bank caving and channe widening) and their progressive growth.

Vertica changes in the river sysem are dso determined using stereoscopic means. This is
especidly useful in alarge river system where verticad changes in the point bars or middle bars can be
identified. The average height of the point bars or middle bars canbe measured for different time periods
usng stereoscopic pairs. A decrease in the overdl height of the bars indicates a degrading river system.
The leve of confidence of these andlyses depends on the time between surveys.
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52 FIELD INVESTIGATION

One of the most important aspects of any study of watershed geomorphology or channd stability
arefiddinvedigations. Datacritica to understanding the physical state of the project area can be obtained
from thorough field studies. Fidld work can be divided into quantitative and quditative studies. The
quantitative aspects of field work involves ste surveys, hydraulic measurements, estimate of channe
roughness, soil sampling, and sediment sampling. Channd surveys are designed to provide information for
determining average channdl geometry, channd dope, and bed and bank profiles. Cross-section surveys
are often taken at interval s based on channed width. Theinterva length depends upon economics, pogition
of controls, dimension and character of channd related failures, sediment characterigtics, and channel
configuration. Within the economic condraints of the project, surveys must be extensve enough to
accurately represent the channd and the pertinent features. The survey sections should dso sufficiently
extend beyond the top of the banks to record the generd level of the immediate floodplain. In addition to
the cross-sectiona surveys, the water surface and bank profiles are surveyed to determine the dope of the
study area.

Hydraulic measurements such as average water surface width, stage, and water temperature
supplement the channd survey data. In addition, long-term measurement of flow velocity and subsequent
discharge caculations at selected channd cross sections provide vauable hydraulic hitorical data.

An estimate of the roughness coefficient should be determined for the left overbank, right
overbank, and channd. Roughness coefficients are afunction of surface roughness, amount of vegetation,
channd irregularities, and to a lesser degree, stage, scour, deposition, and channd aignment. These
coefficients will be used in numerica modes for computing water surface profiles, sedimentation, and
channel gahility. It is important to recognize that roughness coefficients may vary dramaticaly from left
overbank to right overbank and even within the channd. These variations can sgnificantly mode
cdculations and care should betaken to ensure that accurate estimationsare made. If the stage, discharge,
and dope are known at a given cross section, the roughness coefficient can be caculated. Chow (1959)
outlines Cowan’ s gpproach to estimating Manning'sn. Two excdllent pictorid references are estimating
the roughness coefficients using a visud comparison method are. Roughness Characteristics of New
Zealand Rivers (Hicks and Mason, 1991) or USGS Roughness Characteristics of Natural Channels
(Barnes, 1989).

Soil samples should be collected from the bed and banks and andyzed to determine geotechnical
characteristics such asunit weight, angle of repose, angle of internd friction, coheson, and soil particlesize.
If thebank isgtratified or layered, asample should betaken from each layer. Edwardsand Glysson (1988)
define bed materid as the sediment mixture of which the bed is composed. Descriptions of bed materia
sampling can befound in Julien (1995), Edwards and Glysson (1988), or Petersen (1986). For coarse bed
material, Hogan (1993) describes severa proceduresthat can be performed to determine the bed material
compostion. This information is used for the stable channel design computations and dope Sability
andyss.
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The dominant sediment transport mechanism is primarily based on the soil and sediment
characteristics. Measurements of suspended |oad or bed |oad sample should be taken upstream of channel
and bank falure Stes to estimate the sediment moving through astable system. Theaccuracy of sediment
sampling techniques, however, are often limited. Julien (1995), Edwards and Glysson (1988) or Petersen
(1986) provide guides to fidd methods for measuring fluvid sediment. Alternatively, sediment transport
can be estimated using empirically based sediment transport capacity equations. Sediment trangport can
be divided into three zones that describe the dominant mode of transport: bedload, mixed load, and
suspended load (Julien, 1995, p. 186).

52.1 QUALITATIVE OBSERVATIONS

The quditative portion of afidd investigation is anintegral part of the overall assessment process.
Held observations should be recorded in an organized fashion on Site assessment sheets which detall all
pertinent Site characterigtics. The sheets divide the description into channel, bed and bank investigations.
Thorne (1992) describesthe use of evaduation sheetsasan aid to fidld identification of thefollowing channd
characteridtics:

1. the date of verticd and laterd channd gtability;

2. thereation of loca bank retreet to channd ingtability;

w

. the engineering and morphologic characterigtics of the banks;
4. the dominant erosive forces and processes;

5. the date of bank stability and the mgor failure mechanisms, and

(o2}

. theinput parameters necessary for modeling bank retrest.

The sheets are designed to provide asystematic and disciplined approach to the collection, recording, and
interpretation of both archive and field data

522 SKETCHES

Detailed cross sectiond and planform sketches of the study reach should be made to supplement
the observations. The sketches should identify and locate the relative positions of:

1. thetype of flow conditions;
2. bed and bank controls;

3. dominant bed materials and bed forms;
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4. ggnificant morphologica fegtures,

5. nature of bank materias and evidence of ingahilities,

6. vegetation; and

7. dtructures.
5.2.2.1 Field Identified Features

Thetypicd types of fidd-identified featuresinclude:

a. KnickpointsKnickzones. As discussed in Chapter 3, channd degradation isthe result of an
imbalance in the sediment transport capacity and supply. A field indication of degradetion occurs in the
form of knickpoints or knickzones. These are often referred to as headcuts. However, there is
consderable confusionin theterminology. According to Schumm et al. (1984) a headcut is defined asa
headward migrating zone on incison. A knickpoint is alocation on athaweg profile of an aborupt change

of elevation and dope. A stegper reach of channd representing the heedward migrating zone is referred
to as aknickzone.

b. Bams. The formation of berms can indicate an attempt by a channd to establish ability.
Berms from after achannel has degraded and channel widening and dopeflattening have progressed to the
point where the sediment trangport capacity isreduced. Thisinturn reducesthe hydraulic remova of failed
bank materid at the toe of the bank and aso alows sediment deposition to occur at the toe of the bank.
The gability of bermsisimproved after vegetation (particularly woody species such aswillow, river birch,
and sycamore) isestablished. Bermsmay be associated with the incison channd’ s development of anew
floodplain.

c. Terraces. A teraceisanother featurethat providesinformation on channd behavior. Terraces
are erosond features resulting from bed lowering, while berms are depositiond feetureswhich form asthe
channd regains stability following bed lowering. When a channd degrades, it leaves an erosond
escarpment which was previoudy thetop bank. Thisiscalled aterrace or inactive floodplain. Therefore,
terraces are indicators of past degradation in achannel. Thetops of terraces are usualy much higher than
the active floodplain and may only be overtopped by extreme flood events.

d. Sediment Sources/Samples. Mgor sediment sources to the channel are recorded during the
field investigation. These sources include the bed and bank of the channdl, tributaries, gullies, drainage
ditches from roads and highways, and watershed (upland) eroson. In the degrading channdss, the mgjor
sources of sediment are the deteriorating channel banksand beds. In this case, the sediment isintroduced
into the system over a sometimes lengthy reach of channd. In contradt, tributaries that are undergoing
amilar ingtabilities may be points of concentrated sediment input. During the field invedtigation, note the
amount of sediment deposited at the downstream of the confluence of tributaries.
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Sediment sampling provides information on the composition of the sediments derived from each
source. In generd, the channel bed materia samples are taken at the thalweg in order to obtain a
representative sample. Anaysisof these samples providesinformation on the spatid variationsof gran size
within the channd system. Samples of channd bank materia and, if applicable, each dratigraphic layer,
are collected. Sedimentsin tributary mouth bars are used to determineif tributary sediments are radicaly
different from the channd sediments. Samples taken at surveyed cross sections can be correlated to the
channd hydraulics, geometry, and geomorphology.

e. Sediment Depth. The depth of sediment in the channd bed can be useful in determining the
gability status of the channel bed. For most streams, an average sediment depth of 3to 4 feet or greater
isanindicator of an excess sediment supply and, hence, aggradationa tendenciesfor thereach. Likewise,
an average sediment depth of 1 foot or less indicates an excess of transport capacity and possible
degradationa tendencies for the reach.

Depth of sediment is easly determined in the fidld by probing the channd bed with a metd rod.
Probing indicates the presence of clay outcrops or coarse materia below the surface, and is done
frequently dong a reach to find the average sediment depth.  Although probing of point bars or even
berms can be beneficid, probing should be concentrated at the channel thalweg. Correlating sediment
probing with survey cross sections is recommended.

f. Bank Heightsand Angles Heightsand angles of the channel banks arefield-determined to assst
inthe geotechnica stability assessment. These datacan be determined from survey cross sections, but field
verification is recommended Since survey cross sections may not be representative of the entire reach.
Bank heights and angles are used to establish geotechnica gtability criteria for the channe reach. Feld
measurementsinclude measurement of bank height with asurvey rod or cloth tape, and of bank anglewith
an inclinometer. Measurement at |locations where bank failure isimpending or has recently occurred isa
bonus. These measurements are used to empiricaly define sability criteriafor the channd reach.

Also, observe tenson cracks in the upper bank and mode of bank failure. Tension cracks can
indicate a stressed condition in the upper bank which can lead to dab typefailure. Sabfalureisthefalure
dueto gravity of large mass blocks of the upper bank dong a near verticd plane. The classic rotationd
falureis rotation of the bank mass aong acircular arc.

0. Bank Stratigraphy. Proper identification of bank Stratigraphy and its role in channd bank
gability is probably best determined by an investigator with a background in geology. A classfication of
the genera composition of the observed layers and the percent of thetotal bank composed by each layer
aremadeinthefiddinvestigation. If the Srataindicated bank ingability, then thefield datacan be anayzed
by ageologit a alater date.

h. Vegetation. Thespacid digtribution, size, and gpproximeate age of the vegetation existing within
and adong achannd arerecorded inthefiddinvestigation. Vegetation colonizing with the channd and dong
berms are eval uated with respect to growth and whether or not it may be removed by the next flood flow.
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Subgtantia in-channd vegetation dong the berm indicates laterd ability in the channd. In-channd
vegetation may impact the hydraulic efficiency of the channd.

Depending on the degree of channe incision, top bank vegetation may or may not contribute to
bank stability. Highly incised channd banks may not benefit from the erosion resstance offered by root
systems, and may even be overburdened by the weight of thetrees. Streamswhich have numeroustoppled
trees and other woody vegetation in the channd may have recently had an episode of degradationd
ingebility.

i. Hydrologic Features. During the fidld investigation, estimates of Manning's n values are made
for the various reaches of the channd. These data are important for computing water surface profilesin
subsequent phases of the invedtigation. Roughness (n vaues) is determined for the active channd, the
berms, and the floodplain.

Vegetation frequently preserves evidence of water surface elevations during floods. Debris
transported during floods is often trapped in the vegetation. These high water marks are recorded at the
surveyed cross sections, even if the method of measurement is crude. High water marks are dso used to
cdibrate n vaues.

Any evidence of frequent overbank flows such as sand splays, overbank erosion, and crop
damage, etc., are noted during thefidd investigation. Theseareasmay need condderation for flood control
measures during formulation of the watershed plan.

j. Exiding Structures. The presence of man-made features, the extent of the features, and their
location dong the channd is recorded on the aerid photos. Man-made features include bridges, bank
protection sites, drop inlet structures, culverts, and grade control structures. An assessment of the
effectiveness of the various features is made during the fidd investigation. Evidence of scour on bridge
pilings and culverts provides information on the amount of degradation that has occurred since the
congtruction of the structure. The overdl effect of channd stability on the basin infrastructure is assessed.

5.2.3 CHANNEL, STREAMBED, AND STREAMBANK DESCRIPTIONS

The channel description characterizes the stream channel and the adjoining area. The Study area
as well as the reaches just upstream and downstream of the site should be the main focus of the field
investigations. As much information as possible should be collected (within the financid condraints of the
project) to accurately analyze the fluvia processes occurring.

Thefollowing terminology isused to describe channd, streambed, and streambank characteridtics:
Terraces arefluvid landforms produced by past verticd ingabilitiesin thefluvia sysem. Leopold
et al. (1964) define aterrace as an abandoned floodplain not related to the present stream. The sequence

of eventsleading to the observed features in the fiedld may include severd periods of dluvid depostion.
If incison and aggradation occur repeatedly it is possible to develop severd
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terraces. Figures 5.20 and 5.21 illustrate stages of terrace development. The presence of terraces as well
as the number should be noted.

Overbank depositsdescribe the presence and amount of materid deposited directly onto thevaley
floor by out-of-bank flows. The magnitude of overbank deposits beliesthe sediment transport capabilities
of out-of-bank flows. Deep, fast overbank flowsare usually indicative of activefloodplain processeswhich
are usudly associated with aggrading streams.

Trash lines are remains of floating trash and vegetation left after aflood flow recedes and often
provides agood indication of the high water mark. Most often the debrisisfound in the floodplain and can
usually be found attached to trees and bushes. Trash lines degrade quickly once the flood flows recede.
The frequent appearance of trash lines resulting from  flow rates with short recurrence intervals suggests
that the stream may be aggrading.

Adjacent land use describes the type of activity or land modifications taking place in the areas
adjacent to the Ste. Generdly, cultivated areas have higher runoff potential and sediment yield than natural
settings. Urban and suburban catchments produce flashy runoff hydrographs and extremely varied sediment
yidd.

Riparian buffer zone and strip width describe the presence of natura vegetation buffer zones
adong agream. Theriparian zone provides severa important ecologicd functions such asproviding wildlife
habitat, intercepting surface runoff, reducing sediment yield, providingasink for pollutantsin surface and
subsurface flows, reducing near bank velocities, reinforcing bank materias, and limiting accessto the bank
by grazing animas.

Flow type definesthe regime of flow in the Stream at the time of observation. FHlow typeis a
function of bed forms and bank materid and is highly dependent on the stream gradient. Grant et al.
(1990) developed a relationship between bed forms and gradient (Figure 5.22). Uniformvtranquil flow is
characterized by uniform flow velocities and channd characteristics.  Uniform/ragpid flow involves
sgnificant changes in velocity dong the channel. Pools and riffles generaly are seen a low flows and
represent aflow regimethat aternates between shalow and deepened featureswhich produce non-uniform
flows. Pools are areas of deep, dower moving flow with a gentle water surface dopethat generaly result
from locdized scour. Kdler and Mehorn (1973) distinguish two types of pools in meandering channdls.
primary and secondary. Primary pools, which exhibit deep scour, are usually found at bends and are
typicdly associated with point bars. Secondary pools, which are scoured to alesser depth than primary
pools, are not necessarily associated with point bars. Riffles are shalow areas characterized by fast moving
flow which results from bed materid deposition. Stegp and tumbling flows occur in high gradient streams
with coarse bed materids. Theseflows produce locdized supercritica flow between and over boulders.
Steep and step/pool flow is found in very steep channels with boulders or woody debris arranged in
periodic steps across the channd and plunge pools in between.

Bed controls describe the presence of local geology, materids, or human structures that resists
being eroded by river processes and thereby controls verticd ingtability.
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Control type describes the nature of the bed controls. Natura examples include bedrock
outcroppings, coarse sediments that form alayer of immohbile armoring, or fine sedimentsthat are strongly
cohesive. Weirs or other grade control structures are examples of man-made structureswhich function as
bed controls.

Bed material isthe bed sediment of theriver. Thebed materia descriptionisvery important when
determining the flow resstance.

Idands or barsare bed features that have significant effects on flow resistance, channd capecity,
and in-channel sediment storage.

Bar type describes the shape or type of bars present in the reach. Pool/riffle bars are aternating
features that run across the width of the channd and are visble a lower flows. Riffles
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are followed by a pool of deep, dower moving water. Alternating bars, which are accumulation of
sediments positioned successvely downstream on opposite sides of the stream, are generdly found in
draight sections of the river. Sediment accumulations on the ingde of the meander bends in meandering
sreams are described as point bars. Given enough time, aternating bars will become point bars if the
streamisadlowed to meander. Mid-channd barsand idandsare generdly associated with braided streams.
Braided channels develop in streams that have an abundant bed load, erodible banks, a highly variable
discharge, and high stream power (Knighton, 1984, pp. 144-146). The different bar types are presented
in Figure 5.23.

Flaw Flow

Pool

Allernaiing
Bare

n. Alterwaring Bars b. Paoint Bars

----...._,________w aler Eurflnu—;

ﬂk

c. Proflile of
PonliRIiffle Sequence

Mid-chanacl bars
and izlands

d. Breided Sitream

Figure5.23 Bar Types
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Bed forms note the presence and type of bed formsthat may develop in sand bed channds. The
primary variablesthat affect bed forms are the dope of the energy gradeline, flow depth, bed particle size,
and particlefall velocity (Julien, 1995, p. 138). Julien (1995) or Simons and Senttirk (1992) provide more
extengve information on bedform classifications and prediction. Figure 5.24 presentsthe basic bed forms.

Bed armoring refers to the presence of a coarse surface layer on the streambed. In noncohesive

(x) Ripples, Fr << ¢d) Flai bed, Fr <1
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()} Dunes, Fr <1 (N Ant.iciunes, Fr>1

Figure 5.24 Bed Forms (after Simons and Richardson, 1966)

sediments, the materials available for transport are essentialy those exposed at the bed surface. Theactive
layer refersto the surface layer from which materials can be entrained by the flow. Below that may be one
or more layers of immobile coarse sediment in which the mgority of the finer sediments have been scoured
away. This layer is known as armoring and protects the underlying materid from further scour (Chang,
1988, p. 177).

Sgns of aggradation or degradation note the presence of features that usudly areindicative of
vertica ingability. Headcuts or knickpoints (Figure 5.25) are defined aslocations on the streambed profile
where there is an abrupt change of devation and beddope (Schumm et al., 1984, p. 9). The headcut is
an adjustment by the river to restore equilibrium in the syslem. Headcuts often migrate upstream aong the
channd incision and increased sediment transport.
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Figure 5.25 Headcuts (after Schumm et al., 1984)

Perched tributaries, which are sharp changesin bed devation at stream junctions, are an indication
of adegrading streambed. If the main channd is incisng while the tributary is not, there will be a sharp
difference in bed eevations where the two channel's meet.

The depth of loose sediment deposits on the bed, dternating bars in the channd, and frequent
overbank flows generaly indicate an aggrading stream. Degradation of structures and widespread bank
falures are also good indicators of degradation.

5.24 BANK CHARACTERISTICS

The bank characteristics analysis examines soil types, vegetation, the presence of bank structures,
erosion processes, and geotechnicd failure mechanics. The bank angle and bank height can best be
determined by field survey; however, during field reconnai ssance these vaues can be estimated. The
following terminology is used to describe bank characterigtics:

Soil types describe the classification of the bank materids as cohesive, noncohesive, composite
or layered. Sower (1979) describes cohesive soils as soils for which the absorbed water and particle
atractionwork together to produce a body which holds together and deforms plagticaly at varying water
content. Cohesive banks are typicaly formed in silts and clays while noncohesive banks are formed from
sands, gravels, cobbles, and boulders. Composite banks congst of layers of cohesive soils intermixed by
layers of non-cohesive soils. Streams flowing through dluvia deposits often have composte banks. Non-
cohesve deposits are relics of former channel bars and deposition zones that become covered by st and
clay deposts. The interface between the cohesive and non-

150



Fundamentals of Engineering Design

cohesive layersis usudly digtinct and well defined (Thorne, 1981, p. 460). The number of layers present
should be noted as well as the thickness of the layers.

Tension cracks and crack depth note the presence of tension cracks. Generdly, tenson cracks
develop vertically down the bank face on steep banks and significantly reduce the stability of abank with
respect to massfalure. The width and depth of the crack should be recorded.

Structure type describes the presence and type of any Structure in the study reach.

Structure condition describes the current condition of the Structure. A stable designation indicates
a dructure that is functioning as designed and is not being undermined or destroyed by ungtable fluvid
processes. Margind describes astructure that is not completely functioning as designed or isdegrading or
near fallure. Falled characterizes a Sructure thet is not performing as designed or has falled due to some
adjusment in the fluvid system.

Observed problemsidentify thetype of problemsrelated to the structure and the failureto perform
acceptably.

Bank vegetation describes the type, condition, and location of vegetation. The generd types of
vegetation prevaent in and dong the streams are important for determining the overal bank stability, the
rate of bank shifting, the erodibility of the banks, and the resstance to flows. The existence of vegetation
on the bank can serve as an indicator of bank stability.

Vegetation broadly classfies the types of vegetation along the bank.

Treetypesdescribe the different types of treesalong thebank. Different treetypesaffect the bank
dability in different ways. Conifers are shallow rooted and lack a thick vegetative cover compared to
deciduous trees. Leaning trees are an excellent indication of an upcoming mass bank falure and theangle
should be noted. High water level can be estimated asthe level a which tree growth begins.

Health describes the condition of the vegetation. Dead or dying vegetation can beaseriousliability
to bank stability.

Roots describe the rdationship between the vegetation roots and the bank surface. If the bank
surface isrelatively stable, the roots are normally found just below the surface. If sediment isaccumulating
on the bank, vegetation produces adventitious roots into the new sediment. If the bank is eroding, roots
are exposed. If the erosionisrapid, the roots are standing straight out of the bank face, whileif the erosion
is gradud, the roots often turn and grow back into the soil.

Height isanimportant factor in determining the effects of vegetation on impeding near bank flows.

Tdl vegetation encourages sedimentation while it reduces conveyance. Note the height of the average
vegetation.
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Diversity describes the mixture of vegetation types present. Diversity is directly related to age.
Generdly, amature system has a number of different species.

Density and spacing describe the degree of vegetative cover of the bank face from a visud
ingpection. Dengity refersto the vertica thickness of vegetation. The denser the vegetation the better the
erosion protection and the greater the resistance to flow. Spacing describes the location of vegetation
across the bank. Clugters refer to vegetation with gaps in coverage that flow can attack while continuous
describes complete coverage dong the bank.

Age estimates the age of the vegetation. Age estimations are used as aguide to the history of the
bank. Mature vegetation can only develop on a stable bank, while a predominance of young, immature
vegetation gives some ingght into the recent history of the area. EStimating the age of vegetation requires
sgnificant experience, but an gpproximation can often be made based on the sze and height of the
vegetation.

Bank toe accumulation characterizes the baance between the sediment supply and sediment
removal at the toe of the bank. Banks that have net toe erosion become less stable with time. Banks that
have neither net toe erosion or deposition continue to erode at about a constant rate as eroded materias
are transported at the same rate as generated. Banks with net deposition generadly demondtrate greater
gability. With time, vegetation will colonize sediment deposits a the toe.

Stored bank debrisnotes the presence and type of material found in storage at the bank toe. The
materia should primarily be derived from the bank and not an accumulation of bed sediments, which would
indicate a bar.

Vegetation and the vegetative characteristicsat thetoe can give agood idea of the toe sediment
baance. A stable sediment shelf will have mature vegetation while anewer depodt may only have young,
immature vegetation. Roots will be exposed on atoe deposit that is eroding and adventitious roots will be
present for depositiona zones.

Bank erosion describes the processes that lead to hydraulic failure or the detachment and
trangportation of individua grains. The purpose of this section of the form is to identify the processes
responsible for the erosion and the distribution of these mechanisms dong the banks of the study reach.
Gray and Sotir (1996), Goldmanet al. (1986), Petersen (1986), and Gray and Leiser (1982) give more
complete explanations of surface erason mechanisms.

Erosion location establishes the postion of the eroding section in relation to mgor channd
features. It is important to note the location of erosion in relation to channe planform, bed features and
engineering structures. The fidd sketches and surveys are very important in providing thisinformeation.

Processes atempt to identify the mechanisms responsible for the hydraulic fallure. As mentioned

earlier, bank eroson is controlled by climate, soil type, topography, vegetation, and the stream flow
characteristics (Gray and Leiser, 1982, p. 12). The mechanisms that cause surface erosion can be
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separated into those caused by rainfal and those due to fluvia processes of the stream.  Streambank
erosion and failure processes are discussed in Section 3.4.3.2.

53 COMPUTATIONAL METHODSFOR STABLE CHANNEL DESIGN

A preiminary channd design based on stability evaluation should be conducted early in project
planning to screen out dternative designsthat would present serious stability problems and to identify future
needs. As planning progresses, successive evauations with increasing detail may be required. This
approach is essentid to insure that the find channd design thoroughly addresses stability problems thus
avoiding codtly future channel maintenance efforts

Channd design computations are based on adesign discharge. The design discharge can be based
onacomputed hydrologica event such asa10-year sorm event, or it can be based on the channd forming
discharge whichisresponsblefor shgping channd morphology. Thissection presents both preliminary and
detailed design methods based on the channd forming discharge.  Section 5.3.1 presents a detailed
description of how to compute the channel forming discharge. Sections 5.3.2 - 5.3.5 present preliminary
design methods, while Sections 5.3.6 - 5.3.9 present more computationaly intensive methodsfor adetailed
design.

5.3.1 CHANNEL FORMING DISCHARGE

Andluvid river adjuststhe bankfull shape and dimensonsof itschannd of thewide range of flows
that transport boundary sediments. However, for stable channelsthat arein equilibrium, asingle, dominant
flow can be identified which would produce a channd with the same morphologica characteristics asthe
natural sequence of events. The concept of asingle prevailing water and sediment discharge to which the
river width, depth, dope, hydraulic roughness, and planform are adjusted isan attractive smplification. The
single discharge can be used to assess generd trends between channel morphologic characteristicsand a
sngledischarge. The single prevailing discharge represents a spectrum of dischargesand isreferred to as
the channel forming discharge. The best stuation for design would be to have gaged-defined water stage
and discharge, and sediment discharge relationship defined at each Site. In channd stabilization projects,
the channd will be ungtable, and therefore, it is unlikely a gage will exis.

Appendix A isathorough examination of the proper computation procedurefor effective discharge.

5.3.2 SLOPE-DRAINAGE AREA CURVE

The dope-drainage area curve is an empirica regiond dability relationship that defines the stable
channel dope, or equilibrium dope, as a function of drainage. The relationship is developed by fied
assessment to determine stable channel reaches. The dope of the stable reaches are determined by field
survey and the drainage area at each stable site is determined from topographic maps. Thisdopeisused
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when siting grade control structuresin unstable reaches. An example rdationship isshown in Figure 5.26.
For example, the drainage area of aparticular reach is 100 square miles. The stable channel dopefor that

reachfrom Figure 5.26 is gpproximately 0.0010. Therefore, the grade control structureswill be designed
for adope of 0.0010.
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Figure 5.26 Equilibrium Channel Slope Versus Drainage Areafor Hickahaa Creek,
Batupan Bogue and Hotopha Creek are Shown. The 95 Percent
Confidence Intervals are Plotted (from USACE, 1990b).

The dope-drainage area curve is a vauable rdationship for initid understanding of an ungable
watershed. However, therdationshipisempirica and extrgpolation to other watersheds, beyond the range

of sSze in the same watershed, or to different timesis risky. Condant field verification is necessary for
continued vaue.
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5.3.3 MAXIMUM PERMISSIBLE VELOCITIES

The concept of maximum permissible velocity and the following tractive force design are closdly
linked. Both are based on the premise that excessive boundary shear stress in the channd will lead to
erosionand sability problems. Two of theearly referencesfor permissbleve ocitiesare Etcheverry (1915)
and Fortier and Scobey (1926). In 1915, Etcheverry provided the data found in Table 5.7 of maximum
permissible velocities for irrigation cands (Fortier and Scobey, 1926). These velocities are for channds
with no vegetative or structura protection.

Table 5.7 Maximum Mean Ve ocities Safe Againg Eroson (Etcheverry, 1915)

Materid Mean velocity in ft/s

Very light pure sand of quicksand character 0.75-1.0
Very light loose sand 10-15
Coarse sand or light sandy sl 15-20
Average sandy ol 20-25
Sandy loam 25-2.75
Average loam, dluvid soil, volcanic ash soll 2.75-3.0
Frm loam, clay loam 3.0-375
Siff clay sail, ordinary grave soil 4.0-5.0
Coarse gravel, cobbles, shingles 50-6.0
Conglomerates, cemented gravel, soft date, tough hard-pan, soft

sedimentary rock 6.0-8.0
Hard rock 10.0-15.0
Concrete 15.0-20.0

In 1926, Fortier and Scobey presented achannel design method based on maximum permissible
veodities for uniform flow. An earthen channel is consdered stable if the mean velocity of the channd is
less than the maximum permissible velocity for the channd. Their work is compiled based on a
questionnaire given to a number of irrigation engineers whose experience qudified them to form
authoritative estimates of the maximum mean velocditiesdlowablein cands of various materias. Theresults
of the quedtionnaire are given in Table 5.8. The USDA (1977) compiled data from Fortier and Scobey
(1926), Lane (1953a,b), and the Union Soviet Socidist Republic (USSR, 1936) into aset of design charts.
These charts are accompanied by a design procedure found in Technical Release No. 25, which is
presented in the following figures and paragraphs.

Allowable Velocity Design Procedure (USDA, 1977)

1 Determine the hydraulics of the sysem. This includes hydrologic determinations as well
as the stage-discharge relationships for the channel considered.
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Table 5.8 Permissible Canal Ve ocities (Fortier and Scobey, 1926)

Mean velocity, after aging of candswith flow depths# 3 ft

Water transporting
Clear water, no Water transporting noncolloidd silts, sands,
Origina materid excavated detritus colloidd slts gravesor rock fragments
for cands (ft/sec) (m/sx) (ft/sec) (m/sx) (ft/sec) (m/sx)
1. Fine sand (noncolloiddl) 15 0.46 25 0.76 15 0.46
2. Sandy loam (noncolloidd) 175 053 25 0.76 20 0.61
3. Silt loam (noncolloidd) 20 0.61 30 091 20 0.61
4. Alluvid st (noncolloidd) 20 0.61 35 107 20 0.61
5. Ordinary firm loam 25 0.76 35 107 2.25 0.69
6. Volcanic ash 25 0.76 35 107 20 0.61
7. Fnegrave 25 0.76 50 152 3.75 114
8. Stff clay 3.75 114 50 152 30 091
9. Graded, loam to cobbles (noncolloidal) 3.75 114 50 152 50 152
10. Alluvid st (colloidd) 3.75 114 50 152 30 091
11. Graded, silt to cobbles (colloidd) 40 122 55 168 50 152
12. Coarse gravel (noncolloida) 40 122 6.0 183 6.5 198
13. Cobblesand shingles 50 152 55 168 6.5 198
14. Shdesand hard pans 6.0 1.83 6.0 1.83 5.0 152
2. Determine the soil properties of the bed and banks of the design reach and of the channel

upstream.
Determine sediment yield for the reach and compute sediment concentration for design flow.

Check to see if the dlowable velocity procedure is gpplicable using the Channe Evauation
Procedura Guide, Figure 5.27.

Determine the basic channd ve ocitiesfrom Figure 5.28aand multiply them by the gppropriate
correctionfactorsasfound in Figure 5.28b. Comparethe design velocitieswith the dlowable
velocities determined from Figures 5.28a and 5.28b.

If the alowable velocities are greater than the design velocities, the design is satisfactory.
Otherwisg, if the dlowable veocities are less than design velocities, it may be necessary to
consider a mobile boundary condition and evauate the channel using gppropriate sediment
transport theory and programs.

534 TRACTIVE FORCE DESIGN

Lane (1953ab) developed an andyticad design approach for shear distribution in trapezoidal
channds. Thetractive force, or shear force, is the force which the water exerts on the wetted perimeter
of achannd due to the motion of the water.
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It isnot the force on asingle particle but rather the force exerted over acertain area of the bed or
banks. Itisequa to and in the opposite direction from the force which the bed exerts on the flowing water.
It isthe force which isthe component, in the direction of flow, of theweight of water (Lane, 1953b). The
weight force isequa to 8ALS;, where: & isthe specific weight of water, A is the cross-sectiona area, L
isthe length of the channd reach, R is the hydraulic radius, P isthe wetted perimeter, and S is the dope
of the energy grade line. The average vaue of the tractive force per unit wetted perimeter or the unit
tractive force is given by the following equation (Smons and Sentiirk, 1992):

(ALS
J -
o PL

f

" (RS, (5.3)

Lane showsthat inmost cand's, smilar to those used for irrigation, thetractiveforce near themiddle
of the channd invert closdy approachesa D S,, where: D isthe hydraulic depth of the channd, and S, is
the dope of the bed assuming uniform flow. Hisresultsindicate thet for trapezoida channd'sthe maximum
shear on the Sdes is approximately 0.75 4 D §, as illustrated in Figure 5.29. Figure 5.30 shows the
maximum shear for the sdes and the bottom of trapezoida sectionsin agraphica format. Lanefound the
side dopes of achannd posed limitations on the maximum dlowable shear forcein the channd. He
andyzed the shear and gravity forces acting on a sediment particle on the cana side dopeto quantify these
effects. K is defined as the ratio of the tractive force necessary to start motion on the doping sde of a
cand, to that required to start motion for the same materid on a level surface as the following (Lane,
1953b):

2
K " cos N |18 20N (5.4)
tan’2
whee 6 = the angle with the horizonta of the Sde dope of the cand; and
e = the angle with the horizonta of repose of the materid.

Lane presents a graphical representation of this equation as seen in Figure 5.31. Simons (1957)
provides a detailed process for Lane stractive stress method.

Tractive Force Design Procedure (Simons, 1957)
1. Knowing Q and d;s, assume a shape.

2. Cdculate awidth to depth ratio, B/D, based on assumed shape. Enter Figure 5.30 with this
arbitrary vdue and determine the magnitude of C intheequation .= C&D S..

where: @ = criticd tractive force;
C = friction coefficient;
a = gpedficweght of water;
D = hydraulic depth of channd; and
S, = beddope
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3. Determinethevdueof § tractive force, corresponding to the d,; from Figure 5.32.

4. Based on bed conditions estimate the maximum permissible longitudina dope by equating the

vaueof Gtaken from Figure5.32to CaD S, and solvefor §; in the form:

S, © (5.5)

Theinfluence of the gability of the cand sides on channel dope S, must now be checked.
Usudly, the sde materid cannot resst as great a tractive force as the bed because of the
additiond effect of gravity.

5. Knowing size and shape of materid, enter Figure 5.33 and estimate the angle of repose.
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Figure 5.32 Varidion of Tractive Force 6 With Bed Materia d (from Lane, 1953a)

6. EvduaeK from Figure 5.31. Knowing K and the critical tractive force acting on the bed,
the tractive force on the sides can be computed.

7.  Enter Figure 5.30 and determine the maximum tractive forceintermsof 4D S, actingon the
sSdes of the cand. That is determine C in the expresson 6=C abD S,.

8. Equate 6 fromstep6to C 4D S, and knowing C, the dope S, can be evauated.

9. Compare the dope based on bed stahility, step 4, with dope based on side Sability, step 8,
whichever is smdler governs.

10. Check the capacity of the cand using the established dope and assumed shape. If the
capacity is incorrect, assume a new shape and repeat the above procedure. This process
continues until a satisfactory design results.

Thefallowing limitations of the maximum alowable velocity and tractive force design procedures
are asfollows (USACE, EM 1110-2-1418, 1994):
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1. For channdswith subgantid inflows of bed materids, aminimum veocity or shear stressto
avoid deposition may be asimportant as amaximum to avoid eroson. Such as vaue cannot
be determined using dlowable data for minimd erosion.

2. Inbendsand meandering channds, bank eroson and migration may occur even if average
velocities and boundary shear stresses are well below alowable vaues.

3. An dlowable veocity or shear gress will not in itself define a complete channd design,
because it can be satisfied by a wide range of width, depth, and dope combinations.

4. The shear stress computations apply to auniform flow over aflat bed. In sand channelsthe
bed is normaly covered with bed forms such as ripples or dunes, therefore shear stresses
required for sgnificant eroson may be much greater than that indicated in the computations.

535 REGIME THEORY CHANNEL DESGN

Regime theory is not atheory in the strict sense of the term, for it does not incorporate physica
explandions for findings. The essence of the system lies in the development of convenient and smple
empirica equations from field data collected from rivers and from successfully operating artificia cands
(Henderson, 1966). 1n 1895, Kennedy (Lacey, 1931) developed the first well known regime equation in
India on the Upper Bari Doab Cand. He used the st of the Upper Bari Doab Canal as a standard of
reference to quantify sedimentation on cand systems. Many relationships have been developed from the
Indian candls.

In the United States, Smons and Albertson (1963) continued regime development by combining
datafrom cand studiesin India(Punjab and Sind) and the United States (Imperid Vdley, SanLuisVadley,
and cands in Wyoming, Colorado, and Nebraska). Their motive for additional development of regime
andydsistheinadequacy of previous regime methods. The three primary inadequacies are (Simons and
Albertson, 1963):

1. the regime equations have not been developed based on the wide variety of conditions
encountered in practice;

2. theregimeequaionsfail to recognizethe important influence of sediment transport on design;
and

3. theregime equations involve factors that require a knowledge of the conditions upon which
the formulas are based if to be gpplied successtully.

Thar data are separated into three groups based on the compostion of streambed and
sreambanks. This eliminates the need for computing bed, bank or st factors needed for previous types
of equations (Watson and Abt, 1991). Simons and Albertson (1963) equations are referred to as the
Modified Regime Equations and are presented in Table 5.9.
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Table5.9 Simonsand Albertson (1963) Modified Regime Equations

Sand Bed and Sand Bed and Cohesive Bed and

Sand Banks Cohesive Banks Cohesive Banks
P=C, Q52 3.3 251 212
R=C, Q%3¢ 0.37 0.43 0.51
A =C,Qu873 1.22 1.08 1.08
V=C,(R29¥® 13.9 16.1 16.0
W/D = C, Q%! 6.5 4.3 3.0

Smons and Albertson (1963) explain the limitations of the Indian and their own regime equations.
Simons and Albertson (1963) aso provide guidance for designing with their equations.

1.

4.

Candls that are formed in coarse non-cohesive materia of the type studied by the USBR
(sediment trangport < 500 ppm).

Cands that areformed in sandy materia with sand beds and banks (sediment transport < 500
ppm).

Candls that are formed in sand beds and dightly cohesive to cohesive banks (good results
when sediment transport < 500 ppm, quditative results when sediment trangport > 500 ppm).

Cands having cohesive beds and banks (sediment transport < 500 ppm).

The USACE (1994) provides guidance on channel design. Their recommendationisto uselocaly
or regionaly developed eguations for channel desgn. However, when thisis not possible, Figures 5.34,
5.35, and 5.36 can be used to provide rough estimates for top width, depth, and dope of achannel given
the channel-forming discharge and bed material. Limitations associated with the charts are provided inthe

following paragraphs.

USACE Regime Chart Limitations

1.

Where possible, reach-averaged data for existing channels should be plotted and compared
withthe indications of the charts, using bankfull discharge asthe channd-forming. If bankfull
discharge is not determinable, a 2-year recurrence discharge can be used as the channel
forming. This comparison can indicate how compatible the stream system is with the
assumptions of the charts. The trends of the charts can then be used to estimate changes
appropriate for modifications due to increased in-channd flows.
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The chartsare more competible with single-channd sand or gravel sysemswith relatively low
bed materid trangport. A multichannd system will tend to have greater overdl widths and
dopes but smdler depths. However, individua branches may fit the curves reasonably in
relation to their partid bank-full discharges.

If bed materid transport is high, the dopesindicated in Figure 5.36 may be too low and the
depths in Figure 5.35 may betoo high. Thisisespecidly truefor channel swith sand bedsand
of ephemera channdswhere much of the flow occurs asflash floods with very high sediment
transport. In perennia-flow grave riverswith sngle channels, dopes are unlikely to be more
thanthreetimes greater than thoseindicated by Figure 5.36. Widthisfarly insenstiveto bed
materid transport unless the stream is multichanneled or braided. If bed materia transport
ishigh, it is preferable to use a sediment budget analysis. Thisiswhen field observationsand
checks of velocity, shear stress, or hydraulic geometry indicate a substantial degree of actud
or potentia bed ingtability and sediment transport.
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4. Actively aggrading and degrading channels can go through a complex cycle of response,
which may exhibit large departures from norma hydraulic geometry relationships. For
example, achannd in the earlier Sages of active incison may be aonormaly narrow.

5. The use of dl three charts does not permit explicit selection of roughness and alowable
velocity or shear dress.  An dternative hybrid gpproach involves determining channel
properties usng three relationships. @) the top width-discharge relationship of Figure 5.34;
b) the Manning formulawith roughness estimate based on guidelines or experience; and ¢) an
alowable velocity or shear stress.

53.6 HYDRAULIC DESIGN PACKAGE FOR CHANNELS (SAM)

Thomas et al. (1994) developed the Hydraulic Design Package for Channds (SAM). SAM isa
computer program available through the USACEWES. The program was developed to provide the
designer with atool to assist in sediment transport calculations and the design of stable flood control
channdls. SAM is organized into three mgor modules: 1) sediment trangport caculations, 2) sediment
yidd cdculaions, and 3) hydraulic caculations. Additiona information on the cgpabilities of SAM and
availability can be found on the website http://chl.wes.ar my.mil/ softwar e/sam/.

5.3.6.1 Sediment Transport Calculations

The sediment transport module of SAM computes sediment trangport rate as afunction of known
hydraulic parameters. Currently there are 19 sediment transport equations incorporated into SAM.
Typicaly sediment transport is cal cul ated based on the probabiligtic digtribution of multiplegrain Sze classes
in the bed materid. However, some of the equations caculate sediment transport using a single
characteridtic grain size (Ds,). The sediment trangport equationsincluded in SAM are listed:

» Schoklitsch

* Meyer-Peter and Mller

* Meyer-Peter and Milller, Ds,
* Parker

» Eingtein bedload

» Eingen totd load

» Englund-Hansen

+ Toffddi

» Toffdeti-Schoklitsch

» Toffaeti-Meyer-Peter and Mller
. Yaqg

* Yang, Dy,

» Acker-White

» Acker-White, Dy,
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» Colby

» Brownlie, Dy,

e Laursen (Madden)

* Laursen (Copeland)
» Profitt (Sutherland)

The sediment trangport module can be used to develop sediment rating curves from any of the 19
equations. A sediment rating curve yields the sediment transport rate as afunction of dischargerate. An
example of a sediment rating curve is given in Figure 5.37. The selection of an gppropriate sediment
trangport equation should be based on therange of particle szesin the bed materia and the flow conditions
being investigated.

5.3.6.2 Sediment Yidd Calculations

Sediment yidd isthe weight of sediment passing a cross-section during a specified period of time
(Thomaset al., 1994). Typicdly sediment yield is evaluated on an annua bases, but calculations can be
performed for asingle event. SAM offers two options for computing sediment yield: the flow duration
curve method and the flow hydrograph method.

The flow duration curve method integrates a flow duration curve with a sediment trangport rating
curve to evauate the totd sediment passng the basin outlet. A flow duration curve is a cumulative
digtribution function which presents the percentage of time during an average year that a given discharge
isequaled or exceeded. Anexampleflow duration curveisgivenin Figure5.38. Sediment transport rating
curves are described in the previous section. SAM uses alog-linear interpolation of the discharge versus
exceedence probability flow duration curve. A log-log interpolation of the sediment trangport rating curve
isused. The flow hydrograph method integrates a hydrograph with asediment rating curveto evauate
the sediment yield for agiven event. A hydrographis a plot of discharge versustime, Figure 5.39. This
method is used to evaluate the sediment yield for a given event for which the hydrograph is known.

5.3.6.3 Hydraulic Calculations

The hydraulicscaculationsmodulein SAM  evauates channd dimensionsin both fixed and mobile
bed boundaries. The module caculates channd dimensions by solving the Manning equation, calculaing
gtable channd dimensions using Copeand’ s method, and sizing riprap for channd stability.
5.3.6.4 Governing Equationsfor Stable Channel Design Procedure

Copeland’ s method for stable channd design is an andyticad technique that caculates channd

dimensions by smultaneoudy solving equations which govern water and sediment continuity. The method
uses Brownlie (1981) for flow res stance and sediment transport equations.
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Hydrograph

Discharge

Time

Figure 5.39 Example of Hydrograph

These equationsarefor sand bed rivers, based on gpproximately 1,000 recordsfrom 31 setsof |aboratory
and fidd data. Brownli€ sequationsfor predicting flow res stance are used to compute the bed roughness
in SAM. The flow resistance equations are based on four dimensonless quantities: grain Froude number
(Fy); retio of themedian grain sizeto thelaminar sublayer (D5y/4); the bed slope (S); and the geometric bed
materia gradation coefficient (6,). These quantities account for both bedform and grain roughness in a
channel cross section. However, the gradation coefficient, O, is reported by Brownlie to have a small
effect on hisandyss.

Bedformroughnessisthe roughnessthat isthe result of bedforms such asripplesor dunes. These
bedforms occur in the lower regime when the flow is generaly subcritica  (Fr < 1) (Julien, 1995). Form
roughness varies with the flow rate in the channd. Therefore, asmal change in the discharge, may have
acongderable impact on the computed stable channel dimensions.

The grain roughness is the roughness associated with the size of the sediment particles on the bed.

This type of roughness typicaly dominates in the upper flow regime (Julien, 1995). However, upper
regime can occur at subcritical and supercritical flow as shown by Athaullah (1968), Figure 5.40.
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F, isthe grain Froude number representing the square root of the ratio of drag forceson aparticle
to the particle weight. Brownlie defines the grain Froude number by the following equation (Brownlie,
1981):

F, " oV (5.6)
/{DS & D) D,

where i = dengty of water;
fi; = dendty of sediment particles;
V = depth average velocity;
D5, = median grain Size of the particles, and
g = acceeration dueto gravity.

Dy /a istheratio of the mean grain size of the particlesto the thickness of the laminar sublayer. It
is defined by:

Dso - u( Dso 5.7)
* 11.6 < '
where & = laminar sublayer thickness;
u = shear vdocity; and

i kinematic viscogity of water.

Brownlie plotted the grain Froude number versusthe dopefor dl upper and lower regime datato
incorporate the dope, Figure 5.41. Brownlie reported that beyond adopeof S=0.006, only the upper
flow regime exigts. For vaues lower than 0.006 an gpproximate dividing line in the datamay be defined
by Fy = Fg) . Fg) Is computed from the following regresson analyss as developed from Figure 5.41.

N ow &0.33
F'® 174 (5.8)
BrownlleplottedtheF /F) versus Dsy/a for trangtional datawith dopeslessthan 0.006. Division of F

by F ellmlnatestheblasf’oundwhmplottmgF agang just thedope. Thlsde‘lneﬁthetrmstlonbetwem
upper and lower regime as seenin Figure 5.42. The trangtion region is defined by Egs. (5.7) and (5.8)

for the lower and upper limits of the flow regimes.
D
50
log { }F (5.9

andlog 1.25 for Dsy/a $ 2. For the upper limit of the lower flow regime, Dyy/a < 2:

For the lower limit of the upper flow regime, Dsy/a < 2:

F, D
log =). " &0.02469 % 0.1517 log{ 0 } % 0.8381
F

g
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D
50
log {?}F (5.10)

Brownlie (1981) summarizes his andyss for flow resstance determination by stating:

F D
log .=g). " &0.2026 % 0.07026 log {%} % 0.9330
F

g

andlog 0.8 for Dy/a $ 2.

for slopes less than 0.006, only upper regime flow is expected. For sopeslessthan
0.006, the maximum velocity of the lower regime can be determined fromF, = 0.8
F, and the minimum velocity of the upper regime fromF,= 1.25F;'.

Brownlie sanalyss covered awide range of conditions. Hisflow resistance equations applied to
sand bed materia ranging in size from 0.088 to 2.8 mm. The range of dope used in cdibration was
0.000003 to 0.037.

Brownli€ sequations rdating hydraulic geometry and flow resstance are (5.11), (5.12), and (5.13).

Upper Regime:
R S - 0.6248 0.0875 ~0.08013
— 7 02836 (q(S) S F, (5.11)
50
Lower Regime:
RS - 0.6539 0.09188 ~0.1050
— " 03724 (q(S) S F, (5.12)
50
where R = hydraulic radius associated with the bed;
Dy, = mediangransze
S = dope
6, = geometric bed materia gradation coefficient; computed by (dsy/dh)Y%
g = unitdischarge for wide channels assumed to be V*D; and
g = accderation of gravity.
- q
e 3 (5.13)
gDSO

The Brownlie sediment trangport equation is used to rdate hydraulic geometry to sediment
concentration in the stable channe design method. The equationistaken to be equivaent to concentration
measured as milligrams per liter with an error of less than 1 percent for concentrations
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less than 16,000 ppm (Brownlie, 1981). The equation applies to sand ranging from 0.062 to 2.0 mm.
Brownlie€'s (1983) sediment trangport equation is as follows:

1978 « o601 [ R )&
C " 7115 C, (Fg & Fgﬂ) TS {D_} (5.14)
50
where:
- 0.5293 &0.1405 &0.1606
F 0 4.596 J(C S, Fg (5.15)
wheree C = sediment concentration (ppm);
Cr = coefficient for field data; Cr = 1 for lab dataand 1.268 for field deta;
D5, = median grain size of the sediment particles;
S = dopeof the energy gradeling
R = hydraulicradius,
6. = critica Shidds parameter; and
ég = (dgy/dhe)”

The criticd Shield's parameter is cdculated by Eq. (5.16), as defined by Brownlie:

. &7.7Y
J( 0.22Y % 0.06(10) (5.16)

C

where:

&0.6

s (5.17)

dengty of the sediment particles;
dengty of water; and
gran Reynolds number defined by the following equation:

where:

&;U = U’JZ

(5.18)

kinematic viscosity of water;
median grain 9ze; and
accderaion due to gravity.

&
o
I |
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The concentration calculated from Brownli€' s sediment transport equation gpplies only verticaly
above the bed. Thetota sediment transport, computed in SAM, in weight per unit time is computed by
the following equation:

Q. "(CBDYV (5.19)
where: Q; = sediment transport in waght/time;
B = basewidth,
a = gedficweght of water;
C = concentration;
D = hydraulic depth; and
V = average veocity.

An average concentration for the total discharge is then calculated by:

_ . Q
fe—— (5.20)
0.0027 Q
where C = concentration using the totd discharge in ppm;
Qs = sediment transport in tons/day; and
Q = dischageinft®/s.

5.3.6.5Mode Application

Copeland' s stable channd design method simultaneoudy solves Egs. (5.11), (5.12), and (5.14)
to satisfy water and sediment continuity for aseries of dopesand widths. The designer may then sdect any
point dong a curve plotted with width on the x-axis and dope on the y-axis. The minimum dope can be
selected as an extremd hypothes's design according to Chang (1980):

For analluvial channel, the necessary and sufficient condition of equilibriumoccurs
when the stream power per unit length of channel &9Sisa minimum subject to given
constraints, where a= the specific weight of water; Q = discharge; and S= dope.
Hence, an alluvial channel with water discharge Q and sediment load Q as
independent variables tends to establish its width, depth and slope such that &Sis
aminimum. Since Q is a given parameter, minimum QS also means minimum
channel dope.

If the minimum dopedesignisdesired it can be evaduated graphicaly usng astable channd curve. A sable

channd curveisaplot of dope versuswidth, in which the minimum stream power design correspondsto
minimum dope. An example of astable channd curveis given in Figure 5.43.
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STABLE CHANNEL CURVE

Salitinn at manimum
stream power

Energy Slope

-

| Width af esninmim slope

Width

Figure 5.43 Example of a Stable Channel Curve

5.3.7 GRAVEL BED RIVERS

A method for stable channd design of aluvid sand bed rivershas been reviewed in Section 5.3.6.5.
The method is included in the Hydraulic Design Package for Channds (SAM). A smilar method that
appliesto gravel bed riversis proposed by Firenzi (1998). Governing equations of flow resstance and
sediment trangport used by the method are reviewed. The formulation of the method into a computer
modd titled Gravel Bed Rivers (GBR) is then discussed.

5.3.7.1 Governing Equations for Stable Channel Design Procedure
Three relationships between channd geometry and flow resistance have been devel oped and used
extensvely. Theresstance parameters have been termed the Darcy-We shach friction factor, f, the Chezy

coefficient, C, and the Manning coefficient, n. The steady flow relationships associated with these
res stance coefficients are given below:
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V" 8g j R 212 (5.21)
F f
V" CR"s” (5.22)
- N 2/3a 172
Vo —RTS, (5.29)
where V= cross section averaged velocity;
R = hydraulic radius,
S = frictiondope ad
0 = 1for metric unitsand 1.486 for English

Sediment laden flows are typicaly characterized by turbulent velocity profiles. Thisis true for
grave bed riversin which there are more perturbations from rough boundaries. A turbulent velocity profile
was developed by Prandtl (1926) using the defined relati onship between shear stressand vel ocity gradient.
In 1930, the velocity profile of Prandtl was verified by von K&man. Thevelocity profile for turbulent flow
near a plane boundary known as the Prandtl-von Karman universd velocity didtribution iswritten as:

@ “{-Zi-} (5.24)
( o

1

u 6
velocity a apoint in the verticd;
shear velocity, defined as (7)Y
von Karman congtant (€ . 0.4);
vertica distance from channd bottom;
congant of integration;
shear dress; and
dengty.

where:

STON N g <

Equation (5.24) appliesto ano dip boundary (i.e., turbulent velocity components vanish near the
walls). This leads to viscous dominated flow in the location very near the boundary. The thin layer of
laminar motion is known as the laminar sublayer. For the condition where the roughness eements are
coarser than the laminar sublayer, the flow is termed hydraulicaly rough. How over grave beds is
considered hydraulicaly rough. For rough planes it has been determined that z,. &30, where disthe
equivaent sand roughness from experiments by Nikuradse (1933). Integrating the Prandtl-von Karman
universa velocity distribution over the channd depth, h, and transforming the relationship into base-10
logarithm yields the Keulegan (1938) equation:

% h
— " 5751 log{ =.} % 6.25 (5.25)
u »

(
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Equeation (5.25) hasbeen combined with Egs. (5.22) through (5.24) to arrive a variouslogarithmic
resstance relationships. Limerinos (1970) used the contributions of Leopold and Wolman (1957) and
Chow (1959) to develop ardationship between Manning's n and relative smoothness:

n 0.0926

1/6
R 2
R a % bilog {=-) (5.26)

Limerinosfound the smallest deviation between observed and computed valueswhen Dg, was used for the
equivaent sand roughness (), where Dg, isthe size of the minimum particle diameter that equalsor exceeds
that of 84 percent of the river bed materid. If Dg, is used, the coefficients a and b obtain vaues of 0.76
and 2.00, respectively.

Oftenin gravel bedrivers, the banks do not havethe sameresistance dementsasthe bed. Thebed
resstance is due to arough plane boundary and the bank res stlance comes from vegetation or from soil
that is different from that of the bed. Under these conditions it is ided to caculate flow properties
separately for the bed and banks.

Eingan (1942) proposed a method of separating the hydraulic radii of the bed and the banks.
Lines perpendicular to the velocity contours are established that begin at the bed and end at the water
surface. An example of such linescan beseenin Figure5.44. Thereisno velocity gradient or shear stress
acrosstheselines. With thelines established, the cross section can be divided into three subsections. The
total area of the cross section is related to the geometry of the subsections by Einstein (1950):

AT - PLRL % PBRB % PRRR (5.27)

where subscripts L, B, and R indicate left bank, bed, and right bank, respectively.

VELOCITY CONTOURS (m/sec)
10

50|

Depth (mm)

I I 1 1 T T
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Distance (mm) Assumed axis of symmetry

Flume wall — = . Water surface

Contour intervals of 0.05 m/sec

Figure5.44 Veocity Contour Map With Lines Across Which Thereis No Shear Stress (after Gesder
et al., 1998)

182



Fundamentals of Engineering Design

Grave river beds typicdly have a large digribution of particle Szes. Bed materid will be
transported at variable depths in the water column depending on the size of the particle and hydraulic
characterigtics of the flow. When gravd is being consdered, there is typicdly two classfications of
sediment discharge. Bedload refers to the portion moving on or near the bed of the river. Totd load is
defined as the total amount of sediment being transported (Biedenharn et al., 1997). The total load is
comprised of the bedload and the portion being trangported in suspension.

A dimensionless equation for the calculation of bedload discharge capacity was developed by
Meyer-Peter and Mller (1948):

1/3 )% (RS
0.25 § { L} g %0047 2 n=.} 5 (5.28)
g) (&OD, ™ ol nJ (C&OD,
where: q,, = unit channd width bedload trangport in weight per time;
Dy = Ccharacteridtic particle diameter;
a, = sediment dry unit weight;
a = unitweaght of water;
g = accderation dueto gravity;
n = Manning'sroughness associated with the grain resstance;
n = totad Manning's roughness,
Q = water discharge and
Q, = portion of discharge contributing to bedload transport.

The Meyer-Peter and Miller bedload transport equation is based on extensve laboratory flume
experiments. The range of sediment sizes used in calibration was 0.4 to 30 mm. The dope ranged from
0.0004 to 0.02.

Chien (1954) showed that the original elaborate Meyer-Peter and Mller bedload equation can
be modified to give the following relationship:

4 372
N - {E & 0.188} (5.29)

where 6 and g are parameters from Einstein (1942). These parameters are dated as follows:

q
JRL (5.308)
G fGenep;
D
R " (G&l)%. (5.30b)

f

where (G-1) = (i - A)/A;
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the dengity of the sediment; and

the dengity of water.

If Eq. (5.29) and Egs. (5.30aand b) are combined asimplified Meyer-Peter and M(iller bedload transport
equaion isgiven as.

S

ot Ot

qbv

JGanen]

where g, is the unit channel width bedload transport in volume per time. The term & is known as the
Shidds parameter, which represents adimensionlessva ue of shear sresson thebed materia. The Shidds
parameter is given by definition as:

. 32
8(‘]( & ‘](c) (5.31)

. J

J, IR0 (5.32)

Theterm &, is the criticdl Shidlds parameter. The critical Shields parameter is a threshold value of
dimensionless shear fresswhereincipient motion exists. Often when working with gravel bed rivers
0.=0.047 isused. A more precise value can be determined using the modified Shields diagram, given
inFigure 5.45, where .. is the value sdected from theregresson line. However, the Shieldsdiagram was
developed usang primarily uniform particle Szes, ignoring the effects of particle hiding and particle exposure.
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Figure 545 Threshold of Motion for Granular Materid (from Julien, 1995)

For well-graded bed sediment or fine grave, there may be enough materid being transported in
suspensionthat it isnecessary to use atotd load equation. Julien (1995) presents aplot showing theratio
of suspended load to total load versusu./u, where u isthe particle fal velocity. It can be seen inFigure
5.46 that bedload is the dominant means of sediment transport for values of u/u less than about 0.4.
Under this circumstance, the Meyer-Peter and Mller equation issufficient. If thiscriteriais not met, then
atotal load equation is necessary. Simons et al. (1981) developed a coarse grain total load transport
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equation. The equation was intended for used in the arid environment of Pima County, Arizona. Dueto
the infrequent opportunities to measure sediment trangport rates under flood conditions, the equation was
theoreticaly derived. Meyer-Peter and Mller’ s equation was used for the bedload portion of the sediment
transport. For the suspended portion, Eingtein’s method of integrating suspended load was used.
Eingtein’ s suspended |oad equation is written as:

[ (30n
q qb@{llk{T} " Iz} (5.33)
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Figure5.46 Ratio of Suspended to Total Load Versus Ratio of Shear to Fal Ve ocities
(from Julien, 1995)

where q, is the sediment transported in the bed layer with athickness of a=2D,. Thetermsl, and |, are
the Eingteinintegrals. Cdculation of the integralsis acumbersome task that can be performed numerically
or with the use of nhomographs prepared by Einstein (1950). The bedload and suspended load were
caculated and combined under avariety of conditions. The range of particle sze was 0.5 to 10 mmand
the bed dope ranged from 0.001 to 0.04. The data were then used to cdibrate a smplified equation for
total load sediment trangport. The equation, as presented in Zdler and Fullerton (1983), is:

1775 7432~ 0.45
n 'V7°Gr

4030 061 (5.34)

DSO

q " 0.0064 §
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where g, isthe unit channd width totd load trangport in volume per time. The term Gr is the gradation
coefficient caculated asfollows:

Gr * & Dus % Do 5.35
2§D D (5.35)
50 16

Equation (5.34) is dimensiona. The particle Size, D, is in millimeters and dl other varidbles are in
gtandard English units.

5.3.7.2 Modd Application

The stable channel design procedure developed by Firenzi (1998) smultaneoudy solves equations
of flow resstance and sediment trangport. The Manning equation is used as a relationship between
roughness and hydraulic geometry. The program user may specify one of two sediment transport
relationships. the Meyer-Peter and Mller bedload equation or the Smons, Li and Fullerton total load
equation. These equations have been reviewed in the previous section. The program partitionsthe design
cross section into three subsections according to Eingtein (1950). Partitioning the cross section in this
manner dlows for Manning's n to be specified separately for the bed and banks, where the Limerinos
(1970) equation is used for the channd bed. Allowing Manning's n to be different for the bed and banks
of the channd makes the program applicable to smdl rivers where it is not valid to neglect the effects of
bank roughness.

Three degrees of freedom are assumed in the method: width, depth, and dope. 1n the absence of
athird equation to satisfy the three degrees of freedom, atable of solutionsis generated by the program.
It isleft to the user to incorporate a third governing principle. The minimum dope can be sdlected as an
extremd hypothes s design according to Chang (1980). Note that minimum dope correspondsto minimum
stream power when a single design discharge is used. A stable channe curve can be used to graphicaly
evaduaethe desgn a minimum dope. Figure 5.43, presented in Section 5.3.6.5 isan example of astable
channd curve.

5.3.8 HEC-6

HEC-6 is a one-dimensiona numericad model designed to smulate and predict changes in river
profiles due to scour and/or deposition over average time periods. The mode is based on movable
boundary, open channd flow hydraulics with time periods normdly in years, dthough single flood events
with days or months are also possible. Various features in HEC-6 include: network stream analysis
cgpability, channd dredging, assortment of levee and encroachment aternatives, and several methods for
computing sediment transport rates (USACE, 1993). The following sections present an overview of the
computationa process and the four input categories. geometry and hydraulics, sediment, hydrology, and
specid commands.
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The computation process begins by partitioning a continuous flow record into a series of Seady
flowswith variable discharges and durations, i.e., composing adischarge hydrograph. Starting with thefirst
flowinthe hydrograph, awater surface profileiscaculated. Thewater surface profile providesinformation
for each cross section, such as the energy dope, velocity, depth, etc.

Potentia sediment transport rates are then caculated at each cross section. Combining the
sediment trangport rates with the duration of flow gives a volumetric summary of sediment within each
reach. Sediment cdculations use grain sze fractions which dlow the smulation of hydraulic sorting and
amoring. Theamount of scour or deposition at each cross section isthen computed and the cross section
geometry isadjusted accordingly. The computations moveto the next flow in the hydrograph and thecycle
is repeated using the updated geometry (USACE, 1993).

Geometry data are represented by cross sections comprised of station-elevation coordinates,
distances between cross sections, and Manning' sn-vaues. Themovable bed portion of each cross section
and the depth of sediment material in the bed are also defined. HEC-6 raises or lowers cross section
elevaions to show deposition or scour. Horizontal locations of the channel banks are considered fixed.
Floodplains on both sides of the channel are considered to have fixed ground locations but can be moved
verticdly if within the movable bed limits specified by theuser. Left and right overbank stationsare defined
in the geometry data, as well as any ineffective flow areas or containment of flow by levees (USACE,
1993).

The one-dimensiona energy equation is solved by the standard step method and used to compute
the water surface profiles for each flow in the hydrograph. Downstream water surface eevations must be
determined for each discharge in the hydrograph by ether arating curve specified by the user, or atime
dependent water surface elevation.

Sediment dataincludesthefluid and sediment properties, inflowing sediment load, and the gradation
of the stream bed material. Sediment trangport rates may be caculated for grain sizes up to 2,048 mm.
Particle Szes larger than 2,048 mm existing in the bed materid are used for sorting computations but are
not transported. Sediment transport functions used to calculate the bed materia |oad are specified by the
user. Numerous sediment transport functions available in HEC-6 are available (USACE, 1993).

Thomas (1996) developed aHEC-6 smulation of Hotopha Creek, one of the DEC streams. The
results of that investigation indicated that areduction in sediment yield of 16% resulted from the congtruction
of aseries of grade control structures aong Hotopha Creek.

During a 30-year smulaion of the Hotopha Creek watershed, the results suggested that channel
degradation may resume downstream of several drop structures because of the success of those structures
in halting upstream erosion. The advantage of long-term simulation to check grade control and other
erosion prevention featuresis readily evident. When the goa of aproject isto reduce sediment yield, and
the project issuccessful, the channd reaches downstream of the project will be susceptibleto degradation.
HEC-6 modeling of the complete channd system in a watershed alows channe spacid and tempora
response to be predicted.
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5.3.9 BANK STABILITY

Natural and excavated stream banks often need to be andyzed for stability. Historicaly, soil
mechanic approachesto stability have been applied to stream banks. Theingtability and subsequent failure
of stream banks commonly result from a combination of hydraulic, geomorphic, and geotechnicd factors.
A meandering channd produces both vertical and horizontal hydraulicaly driven scour on the outside of
channel bends. Asscour occursthe bank height increases, which typically resultsin the failure of the bank.
Although the andysis of bank stability may be completely geotechnical, design of any hydraulic structure
to reduce bank failures dong achannd requires condderation of hydraulic, geomorphic, and geotechnical
factors.

The ingability of stream banks resultsin ageotechnica failure of thedope. A geotechnicd failure
involvesthe movement of rdatively large and possbly intact segment of soil. Thereare many different ways
that stream banks may fail. However, there are two digtinct classes of bank failure: the dow moving creep
falure, and the catastrophic shear fallure. Within the DEC watersheds only the catastrophic shear failure
is considered, since creep failures may take years to be recognized. Shear failure is based on the
mechanicsof thefalure. Rotationa and dab-type block are the most commonly observed withinthe DEC
watersheds. Streambank and erosion processes are discussed in more detail in Section 3.4.3.2.

Rotationd failuresare usualy associaied with acircular, or log spird failureplane. Rotationd failure
is associated with high gentle dopes, and bank angles less then 60 degrees to the horizontal. Bank angle
less then 60 degrees to the horizonta are considered mild dopes.

Planar dip failures are commonly associated with lower, steep banksand thefailure planeismore
linear then the rotationd fallure plane. Bank angles associated with the planar diding fallures are usudly
greater than 60 degrees to the horizontal and the dope is consdered steep.

Whether andyzing the stability of mild or steep dopes, the gpproach taken often depends upon the
objective of theinvestigation. For example, the andysis of alow-head earthen dam may warrant adetailed
study using afinite difference gpproach, yet alarge riverbank having roughly the same generd shape and
Sze may be andyzed usng sability curves. Ultimately, the approach and thelevel of detall of bank stability
anadysis is governed by the available information and the time alotted to determine stability. Severd
essentid requirements for conducting detailed stream bank stability andysis include the following:

choosing the correct method of andysis,

accurate description of the bank geometry;

reliable soil properties;

correct description of dope hydrology, i.e. groundwater table and seepage conditions; and
correct definition of externd loads, i.e. surcharges, line loads, earthquake loads.

These requirements are sometimes difficult to observe or obtain, and the lack of information or an incorrect
selection of method may yield poor results.
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Numerous methods are available for predicting the stability of stream banks. Most methods used
employ the concept of limited equilibrium anadysis. The use of limited equilibrium andyss explicitly
accounts for the mgor factors that influence the shear stress and shear resistance of adope, and employs
the comparison between resisting forces (Fg) and driving forces (Fp). The dope under congderation is
consdered stable as long as the resisting forces are greater then the driving forces (Fr > Fp). Both mild
and steep dopes can be andyzed employing the concept of limited equilibrium andyss.

The resigting force, Ry, is derived from the shear strength of the soil, and keeps the dope from
moving. The shear strength of a soil is defined by Eq. (5.36):
J"c%FtanN (5.36)
where: shear srength of the materid;
cohesion intercept;
norma siress on the failure surface; and
angle of internd friction.

0
c
0
5

Equation (5.36) isknown asthe Revised Coulomb Equation. Theangleof internd friction (6) and cohesion
(¢) are known as the shear strength parameters. Each shear strength parameter can be determined from
laboratory tests on soil samples or back-calculated after failure of a stream bank occurs.

Forcestending to cause movement of the dope, or the driving forces (Fp) incdlude the weight of the
0l mass and any externd loading. Externa loading may be additiona loading on the top bank or a
surcharge of pore-water pressure. Theratio between resisting and driving forces definethe factor of safety
(FS) and is determined by Eq. (5.37):

F
FS " — (5.37)
D

The factor of safety can aso be consdered astheratio of the critical bank height to the actua bank height,
as represented by Eq. (5.38).

HC
FS " — 5.38
= (5.38)

where: H, = criticd bank height; and
H actud bank height.

Falure is anticipated when the factor of safety is less then unity. Figures 5.47a and 5.47b depict the
fundamenta failure geometry associated with limited equilibrium bank ingtability for alow steep
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Figure5.47b Shear Failure Along a Planar Sip Surface Through the Toe of the Slope With a
Tenson Crack

dope, prone to fail in a planar fashion. Equations (5.39) and (5.40) define the driving force (Fp) and
ressting force (Fg) components of the factor of safety, respectively.

Fo=Wsna (5.39)

FR " )L % N tan M (5.40)
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wheree W = waeight of aunit width of bank;
a = falureplaneanglein degrees,
¢) = effective cohesion,
L = lengthof thefalure plane
N = normd force and
M = friction angle of the soil.

Often, just prior to failure, atenson crack will develop pardld to the stream bank and can be
observed from the top bank. A tension crack is avertical separation of the soil resulting in a cavity or
crevice. Verticd tenson cracksat the surface of adope, possibly occurring aong naturd cleavage planes,
reduce the overal stability of adope. The presence of tension cracksreducesthecritical bank height. At
failure, tenson cracks may quickly develop to depths greeter than half the bank height. Asaconservative
measure, Thorneand Abt (1989) recommend using atension crack depth of haf thebank height if no site-
specific dataare avalable. Generdly, varying atenson crack depth from 30 to 50 percent of the bank
height is aredlistic range and does not change the factor of safety by more then 10%.

5.3.9.1 Required Geotechnical Data

Bank stability determination relies heavily on soil properties. Review of the principa equation
governing limited equilibrium analyssindicate that the shear strength of asoil, and subsequently theressting
force, isbased on the coheson and the angle of internd friction of asoil. Thedriving forceisbased onthe
weight of the soil, and isafunction of the failure block geometry and the unit weight of the soil. Thethree
s0il propertiesrequired for bank stability calculationsin the DEC watersheds are cohesion, unit weight, and
internal friction angle. These three soil properties, bank height, and bank angle are the minimum
requirements for dope stability caculations. The methods currently employed to determine the ability of
stream banks within the DEC watersheds require a composite or average vaues of cohesion, unit weight,
and internd friction angle.

An important consderation in stream bank gability analyss is whether to employ atota or and
effective sressandyss. A tota stress analyss usng undrained shear strength parameters (¢,0) is limited
to dopes where pore pressures are governed by external stress changes. These conditions are
characteristic of post-construction problems. A totd stress analysis does not require a determination of
pore pressure in the bank and is an important advantage for atotal stress andysis. An effective stress
andyssiswarranted when pore pressures are governed by steady state seepage conditions, or if long-term
gtability isaconsderation. Steady state seepage istheusua condition for natura stream banks. Effective
stress parameters (c),N))can be determined from either drained or undrained triaxia tests with pore
pressure measurements. However, if the pore pressures within a stream bank are unknown or cannot be
determined, thereislittle point to an effective stressandyd's, and atotd stressanayss should be employed.
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5.3.9.2 Soil Data Sour ces

During the design of many hydraulic structures by the Vicksburg District U.S. Army Corps of
Engineers, it is standard practice to perform a geotechnicd analyss. Soil characteristics are obtained by
extracting soil borings and analyzing the soil in the boring. In most indtances, soil borings are dratified
congsting of severd layers. Each layer, or dtrata, of soil has unique physica properties. Laboratory tests
are conducted on each layer of s0il to determineavariety of physica propertiesincluding; moisture content,
percent organic, gradation, internd friction angle, cohesion, and dry unit weight. In addition to the ol
boring, ageotechnica andyss usudly includes locad physical properties like the average bank height.

Within the Y azoo River Drainage basin in northern Missssppi thereare six sub-basins, to include:
Batupan Bogue, Black Creek, Coldwater River, Hickahala Creek, Hotopha Creek, and Long Creek.
Desgn plansand as-built drawingsfor hydraulic structures, scattered throughout these six sub-basins, were
reviewed in 1997 to obtain soil-boring information. Design plans, as-built drawings and soil boring results
were primarily obtained from the Agriculturd Research Service in Oxford, Missssppi. The U.S. Army
Corps of Engineers Waterways Experiment Station in Vicksburg, Mississippi provided the remaining soil
data

5.3.9.3 Soil Data Evaluation

Currently, dope dability estimations are based upon single vaues of internd friction angle,
cohesion, and unit weight. Sixty-five soil borings were obtained within the Y azoo River Drainage bagin.
The bank averaged soil properties, for each soil boring, were obtained by:

determining the bank height to be used in the averaging process,

determining the percentage of bank in each drata;

multiplying the percent of bank by the internd friction angle, cohesion, and unit weight; and
sum the percentages to obtain the bank-averaged values.

Table 5.10 is an example of the soil averaging process. Soil-boring data was limited for the Long Creek
sub-basin. However, Thorne (1988) conducted field investigationsin the Long Creek sub-basin to obtain
soil properties. Thorne (1988) reported using the same averaging procedure for the determination of il
properties. Averaged soil propertiesfrom each boring where collected and then combined on asub-basin
level basisto obtain sub-basin average properties.

Significant variability in soil properties even within sub-basns was observed. Despite this
vaiability, with no ste specific soil data the sub-basin averaged soil properties are the most logica values
to beusad in dope gability. Table5.11 summarizesthe maximum, average, and minimum vaues of internd
friction angle, cohesion, and unit weight for the Six sub-basins.
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Table 5.10 Soil Properties and the Averaging Method

The natura bank height is 18.3 feet

Sail Depth Friction Angle Cohesion ¢’ Unit Weight
Description (ft) i (Ibs/sf) (Ibs/cf)
(degrees)
Sity day 0-45 14 300 115
Clayey sand 45-75 17 700 140
Clay 75-15.0 15 550 130
Siiff day 15.0 - 26.0 17 1,100 145
Clay
% of Friction Angle Cohesion ¢’ Unit Weght
Bank Height i (Ibs's) (Ibs/cf)
(degrees)
19.3 2.70 57.94 22.21
12.9 2.18 90.13 18.03
32.2 4.82 177.04 41.85
35.6 6.05 391.85 51.65
Total 100 15.78 716.95 133.73

5.3.9.4 Stability of Mild Slopes

The mgority of the treams withinthe Y azoo River Drainage basin have mild stream bank dopes.
Mild dopes are less then 60 degrees to the horizontal. To determine the sability of these mild dopesthe
DECBank computer program was devel oped.

The DECBank computer program reads and interprets HEC-2 input data files to determine the
required bank heights and angles for gability cdculations. Users of DECBank have the ahility to visudly
ingpect each cross-section prior to stability calculationsto ensurethat they agree with the determined bank
angles. If the user does not agree with the computer determined bank angle, they have the ability to ater
the bank angles and visudly inspect the new bank angle of the natura cross section.

Mild dope stability (bank angles between 30 and 60 degrees) is determined by use of numerica
representations of Osman’ s (1985) stability curves. Osman’ s (1985) stahility curves were developed
usng numerous stability computations based upon the smplified Bishop method of dices. Singular or
average vauesof internd friction angle, cohesion, and unit weight are used in conjunction with the equations
representing Osman’ s (1985) stability curves to determine the stability of both banks of a cross section.
Osman' s(1985) stahility curves are dimensionless, so the DECBank computer program is gpplicablefor
both English and Metric units. After determining the stability of al appropriate cross sections DECBank
automaticaly determines the average factor of safety for the entire river reach.
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5.3.9.5 Stability of Steep Slopes

Currently, the Thorne (1988) modd is used to determine the stability of steep stream bank dopes.
Slopes greater then 60 degrees to the horizontal are classified as steep.

The Darby and Thorne (1996a,b) modd utilizes a smilar interface as the DECBank program, in
that it reads and interprets HEC-2 input data files to develop the required bank heights and angles for
gability caculaions. Unlike the DECBank, the Darby and Thorne (1996a,b) mode can directly account
for pore and confining water pressures, in the determination of the factor of safety of astream bank. The
Darby and Thorne (1996a,b) modd performsall sability caculaionsin Metric units, so the user isrequired
to convert or obtain sngular or average vaues of cohesion and unit weight to or in Metric units.
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CHAPTER 6

SELECTION AND DESIGN OF CHANNEL
REHABILITATION METHODS

This chapter addresses the selection and design of channe rehabilitation methods. The types of
improvement measures adopted in a rehabilitation project depend upon the gods of the project and the
physica characterigtics of thewatershed. Thethree principle techniques discussed in this chapter are grade
control, bank stabilization, and flow control. Bank stabilization and grade control are the primary methods
employed in channe rehabilitation projects to control erosion and sedimentation. Because channel
rehabilitation projects often occur in urbanized areas where flow control has been implemented, it is
important to integrate the morphologic impacts of these features into the channel rehabilitation plan. For
this reason, adiscussion of the morphologic response to flow control is presented in this chapter.

6.1 STREAMBANK STABILIZATION

Although there are many different types of bank stabilization measures, they can generaly be
classfied as armor protection, indirect protection, or vegetation. General descriptions, advantages,
disadvantages, and typical applications are presented in this chapter. For a more detailed treatment of
streambank stabilization, the reader isreferred to Biedenharn et al. (1997).

The suitability and effectiveness of a given bank stabilization technique are a function of the
inherent properties of that technique, and in the physical characterigtics of the proposed worksite.
Consequently, there is no sngle sabilization technique that is gpplicable to dl Stuations. Unfortunately,
many practitioners often attempt to force a particular techniquethat they arefamiliar with into al Situations.
For ingtance, there are some engineers and scientist that believe that bioengineering techniques are the
answer to dl erosion problems. Likewise, there are those who will recommend a complete riprap armor
for the bank whenanother, less costly, and perhaps more environmental ly acceptable technique would be
just as effective,
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Although thereisvery little guidance available for establishing the suitability of aparticular technique
for aparticular Site condition, the designer should make the selection within the framework of threecriteria

Effectiveness of the dternative;
Environmentd congderations, and
Economic factors.

Many techniques can be designed to adequatdly solve aspecific bank stability problem by resisting
erogve forces and geotechnicd fallure. The chalenge to an engineer is to determine the mogt effective
solutions to a specific problem, by recognizing which technique matches strength of protection against
strength of attack, and which therefore performs most efficiently when tested by the strongest process of
erosionand mogt critica mechanism of failure. Environmental and economic factors areintegrated into the
selection procedure, but the chosen solution must firgt fulfill the requirement of being effective as bank
dabilization, otherwise environmenta and economic attributes will be irrdevant.

6.1.1 SURFACE ARMOR

Armor isaprotective materid in direct contact with the streambank. It must have sufficient weight
and/or gtrength to remain in place when subjected to hydraulic forces and impact from objects carried by
the stream. It must also prevent significant loss of bank material from under the armor due to turbulence
of flow or movement of groundwater.

Armor isoften smply caled revetment, but the more specific term armor isused here because other
forms of bank stabilization, such as retards and retaining walls, are adso referred to in some regions as
revetments.

Armor materias can be categorized as follows:
Stone;
Other sdf-adjusting armor;
Rigid armor; and
Fexible mattress.
Armor protection requires careful consderation of the geotechnica stability of the bank, and
sometimes a granular or fabric underlayment is required for proper interior drainage of the bank materid,
or to prevent loss of fine grained materid through the armor.

6.1.1.1 Stone Armor

Stone armor is the most commonly used type of armor protection. There are many variaionsin
the design of stone armors. The riprgp blanket is the most recognizable form of stone armor. It is often
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considered the benchmark againgt which other bank stabilization techniques are judged, not only because
it can be designed to solve amost any problem, but because it can be designed precisely, thus its
performance and cost can be predicted morereliably than for other methods. Other commonly used forms
of sone armor include: trenchfill revetment which issmply a sandard stone armor blanket with amassve
gone toe congtructed in an excavated trench behind the river bank, in anticipation that the river will
complete the work by eroding to the revetment, causing the stone toe to launch down and armor the
subagueous bank dope; windrow revetment which is Smply an extreme variaion of atrenchfill revetment
congsting of rock placed on the floodplain surface landward from the existing bankline at a pre-determined
location, beyond which additiond erosion is to be prevented; and longitudind stone toe which is another
variation of the windrow revetment with the stone placed aong the existing streambed rather than on top
bank.

Some armor materids other than stone which have the ability to adjust to scour, settlement, or
surface irregularities are: concrete blocks; sacks filled with earth, sand, and/or cement; and soil-cement
blocks. Armor materia swhich have been occasiondly used in the past, but which have serious engineering
and environmenta shortcomings are: rubble from demolition of pavement or other source; dag from sted
furnaces, and automobile bodies.

Advantages: Becauseits performance has been so thoroughly andyzed by research and practicd
gpplication in awide range of conditions, stone armor can be designed with an especidly high degree of
precison and confidence. The American Society of Civil Engineers Task Committee on Channd
Stabilization Works stated in 1965 that:

Sone is the most commonly used material for upper bank paving for revetment
works, and in most cases has proved superior to other materials because of
durability and ability to conformto minor irregularitiesin the slope (ASCE, 1965).

Since that time, further development and application of manufactured proprietary armor materias, and
increesng emphasis on environmenta condderations and the use of vegetation for erosion control, has
tempered that observation to some degree. However, the favorable attributes of stone armor are not
diminished by the increasing availability of dternative materids. Furthermore, well-graded stone can often
be placed without a separate underlayment materid, because it provides permeability without exposing
bank materid. This characteristic may be a crucid factor when comparing the economics of dternative
armor materials.

Disadvantages: Stone may be more codtly than other materids, depending on its availability.
It requires heavy equipment for efficient placement on large projects. 1t may be considered unaesthetic for
some | ocations, and may not compare favorably with other materialsin some environmenta circumstances.

6.1.1.2 Rigid Armor
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Rigd armor is an eroson-resstant materid which has little or no flexibility to conform to bank
irregularities occurring after condruction. Typicaly, thearmor isplaced directly onthe bank dopeinafluid
or chemicdly reactive ate, then hardens.

The most common rigid armors are: asphdlt; concrete; grouted riprap (or other grouted armor
materid); and soil-cement. Materids which have amore restricted use, but which can be classfied asrigid
armors, are chemicd soil stabilizers, and clay.

Rigid armor in the form of concrete, asphalt, or grouted riprap is often consdered for use in
gtuations where high vel ocities or extreme turbulence make adjustable armor ineffective or very expensive.
Typicd uses arein conjunction with hydraulic structures or in artificid channels on steep dopes.

Rigd armor may be the preferred dternative in flood control or drainage channels where low
boundary roughness is mandatory, or in water supply channels where prevention of water loss due to
infiltration into the bank is important. It is suitable for bank dopes which must be easlly traversed by
pedestrians or recreational users, if the dopeis not too steep for safety.

Rigd armor is sometimes the least codtly dternative, typically where adjustable armor is not
availablelocaly, especidly if ageotechnica andysisof the bank materid indicatesthat e aborate subsurface
drainage work is not necessary.

Advantages. The most common rigid armors will withstand high velodities, have low hydraulic
roughness, and prevent infiltration of water into the channe bank. They are practically immune to
vanddism, damage from debris, corrosion, and many other destructive agents. The most common rigid
armors are eadlly traversed by pedestrians.

Disadvantages. A rigidarmor requirescareful design and quality control during congtruction, and
unfavorable weether conditions can cause congtruction delays. Chemicd soil stabilization, and clay have
alimited range of effectiveness

Provison for draining groundwater and preventing the buildup of excess podtive pore water
pressures, in the form of afilter or subsurface drains, must usualy be provided for impermeable armors,
which may sgnificantly increase the cost of the project.

Mog rigid armors are difficult or impossble to construct underwater, dthough this difficulty can
be dleviated for concrete by using one of the commercialy available fabric mattresses.

Rigid armor, being inflexible, is susceptible to breaching if the bank materia subsides or heaves.
Increased wave runup on a smooth rigid armor may be a concern for some projects.

Some of these materids havelittle to offer environmentdly, being biologicaly sterile and perhaps
unacceptable aesthetically, depending on the surroundings.
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6.1.1.3 Flexible M attress

The basic concept of aflexible mattressisthat materid or objectswhich cannot resst erosveforces
separately can be fastened together or placed in a flexible container to provide adequate resistance to
erosve forces, while partidly retaining the desirable characteristics of adjustable armor, especidly that of
flexibility.

The most common flexible mattressmaterids are: concrete blocks; fabric; and gabions. Materids
which have amore limited use are: grids (for confining earth or other fill materid); used tires; and wood.

This compromise between adjustable armor and rigid armor is most attractive when economica
materias can be used for the mattress. In fact, the origin of some variations can be traced directly to
credtive use of local materids. Where no protective materia of locd origin is adequate to withstand the
erosve forces in a given application, the mogt suitable method may be the one which requires the least
amount of costly imported materid, a requirement which is often met by aflexible mattress.

Advantages. Hexibility to adjust to scour or settlement and till remain in contact with the bed
and bank is the most obvious trait. Most mattress materials which are sold under trade names share
another advantage - they are available in various configurations, thus can be agpplied to a variety of
Stuations.

Hexible mattresses can be placed underwater with a relatively high degree of confidence. If
properly anchored to a geotechnicaly stable bank, they can be placed on steep dopes. They can be
walked upon eadly, thus are suitable for dopes used by pedestrians.

Disadvantages. Maittress components are subject to deterioration from the elements and
vanddian. However, the damageis often within acceptable limits and since the various types are affected
differently, identification of the hazards enables the designer to sdect an gppropriate mattress for a given
goplication. The congtruction of some types of mattresses are labor intensive, and may require skills not
commonly available. However, the [abor intensive aspect may not be adisadvantagein al cases, and may
be an advantage in some cases.

6.1.2 INDIRECT TECHNIQUES FOR EROSION PROTECTION
Indirect protection structures extend into the stream channel, and redirect the flow so that hydraulic

forces at the channel boundary are reduced to anon-erosive level. Indirect protection techniques can be
classfied asfollows: dikes and retards; and other flow deflectors such as bendway weirs and lowavanes.

6.1.2.1 Dikesand Retards
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Dikes are defined as a system of individua sructures which protrude into the channdl, generdly
transverseto the flow. Other termswhich are often used are groins, jetties, spurs, wing dams, and if they
protrude only a short distance into the channel, hard points. The term dikesis aso used in some regions
to refer to earthen flood-containing structures, which are dso caled levees, but that usage is not revant
here.

Retard is defined as a continuous structure gpproximately pardle to the streamflow. It canbea
sngle structure or two, or more, adjacent and pardld structures, in which case the space between may be
filled with various materiads. Other terms that are sometimes used are longituding dikes, parald dikes,
jetties, guide banks, and training wals. Most designs have occasiond tiebacks extending from the bank
out to the main structure. These tiebacks have the appearance of dikes. Infact, many retard designs can
be viewed as being a dike system with alongitudina component connecting the ends of the dikes.

Dikes and retards can be gpplied to awide range of conditions. However, themost common use
is on shdlow, wide streams with moderate to high transport of suspended bed materid. Shalow channd
depths reduce the required height of structures, a wide channd provides room for the channd dignment
and geometry to adjust, and a heavy supply of suspended bed materiad accelerates the rate of induced

deposition.

Where long-term funding is provided, dikes and retards are often built in increments in order to
reduce costs by modifying the river form gradudly, and taking advantage of subsequent depogition.

Dikes and retards can be used where establishment of riparian vegetation isahigh priority. Initid
plantings and natural establishment of native species can be supplemented by later plantings on sediments
deposited within and behind the structures, or by doping and vegetating the upper bank dopes oncelower
bank stability has been attained.

No forma and widely tested design criteriafor dikes and retards exit, dthough design concepts
based on experience and model tests have been devel oped for some gpplications. A study performed for
the U.S. Federal Highway Administration and reported by Brown (1985) is one of the most
comprehensive analyses of dikes. That report is based on model tests, a literature review, and a survey
of severa hundred fidd ingdlations. Studiesby the U.S. Army Corps of Engineers (USACE, 1981) dso
provide observations on design parameters.

Advantages. Dikesand retards provide ameansto modify the channd dignment, arewdll suited
to the incrementa construction gpproach, and are amenable to the establishment of woody vegetation.
Also, many designs use locdly available materid.

Dikes and retards offer the opportunity for incorporating awide variety of environmenta features
by increasing the diversity of aguatic and terrestriad habitat, athough subsequent sediment deposition may
be detrimenta to shalow water habitat. The reduction of water surface area due to deposition within the
dike or retard system will reduce evaporation rates, whichmay be considered to be abenefit in semi-arid
areas.
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Dikesare usudly lessexpensvethan retardsfor agiven Stuation, and will not interfere with access
to the stream. Also, after the stream has adapted to the initial project, dikes can be extended farther into
the stream if necessary to fully achieve project objectives, whereas with retards, modification of theinitia
dignment islikdly to be much more expensive.

Disadvantages. Those desgnsthat involve perishable materias or mechanica connectionsare
susceptible to gradua deterioration and to damage by debris, fire, ice, and vandals.

Channel capacity at high flow isdecreased initidly when dikes or retards are constructed, although
the channel will usudly adjust by forming a deeper, narrower cross-section, and the ultimate result may
even be an increase in conveyance capacity. However, the extent of the adjustment cannot be dways be
predicted rdiably, even with physica or numericd modds. Since conservative assumptions on future
deposition and vegetative growth would be necessary, extensve use of dikes or retards must be
approached with caution on projects where channd flood conveyance is a concern.

Dikes are more vulnerabl e to floating debristhan are retards, since dikes present abrupt obstacles
to flow, whereasretards, being approximately pardld to flow, will dlow much of thefloating debristo pass
through the project reach. Also, erosion between the dikes in a system will often be more severe and of
longer duration than erosion within aretard system.

6.1.2.2 Other Flow Deflectors

Structures other than dikes and retards may provide a means of dtering hydraulic conditionsin
order to resst bank erosion in bends. One of the most intractable problems of river engineering is posed
by the coupled processes of deposition of sediment on point bar faces and scour in the thalweg of bends.
Severa approaches have successfully addressed these coupled processes in some cases. These
approaches dter secondary currents so that sediment transport away from the toe of the bank isreduced.
This resultsin a more uniform cross-section shape, with shalower thalweg depths and awider channd at
low flow. These approaches include lowa vanes, and bendway weirs. Because these are recently
developed techniques, the long term success of these structures as a bank stabilization scheme is not
known. Further research and monitoring of existing structures is needed to document the long-term
performance and to develop more definitive design criteria

6.1.3 VEGETATIVE METHODSFOR EROS ON CONTROL

Vegetation is the basic component of bioengineering (Schiechtl, 1980) or biotechnica engineering
(Gray and Leiser, 1982; Gray and Sotir, 1996). Schiechtl (1980) states that bioengineering requiresthe
skills of the engineer, the learning of the biologist, and the artistry of the landscape architect. The
concept of bioengineering is ancient, but there has been much recent research and documentation of the
topic. The publications just cited, as well as Coppin and Richards (1990), provide comprehensive
coverage, and many other works provide discussion of speciaized aspects of the subject.
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Vegetation can function as either armor or indirect protection, and in some gpplications, can
function as both smultaneoudy. Grassy vegetation and the roots of brushy and woody vegetation function
as armor, while brushy and woody vegetation function asindirect protection. The roots of vegetation may
aso add a degree of geotechnica stability to a bank dope through reinforcing the soil.

Some factorsthat affect the success of a bioengineering approach, such aswesather and thetiming
and magnitude of streamflows, are beyond the control of the designer. Therefore, expert advice, careful
planning, and attention to detail are critica to maximizing the probability of success.

Many streambank protection projectsinclude vegetation without consciousthought by the designer,
snce native vegetation often establishesitself once the processes of bank failure are stopped by structurd
means. However, if the potentid for utilizing vegetation is consdered from the beginning, then the
effectiveness, environmentd aspects, and economy of a project can often be significantly improved.

Vegetation is most often used in conjunction with structura protection. Exceptions may be made
for very small waterways, for areas of low erosion activity, or for stuations where the consequences of
falure are low and there is provisionfor rehabilitationin case of failure. Vegetation can haveaparticularly
important role in the gtabilization of upper bank dopes. Vegetation is especiadly appropriate for
environmentally sengitive projects, whether benefits to recregtion, esthetics, or wildlife is the object.

Vegetation is well-suited for incremental congtruction, ether to wait for more favorable planting
conditions for specific types of vegetation or to wait for deposition of sedimentsin the areato be planted.
Vegetaion is aso suitable for inexpengve reinforcement or repair of existing erasion protection worksin
some Situations.

Woody vegetation is useful in preventing or repairing scour at or behind top of bank, especidly if
the scour resulted from an infrequent flood event that is not likely to recur before the vegetation becomes
effective.

Woody vegetation is sometimes used to prevent floating debris from exiting the channd during
floods and becoming a nuisance in the floodplain.

Advantages. Thetwo obviousadvantages of vegetation aseroson protection are environmenta
attractions and relatively low cogt. A third and lessobviousattraction isthat it can increase the safety factor
of structurd protection by enhancing thelevel of performance. Because many typesof vegetative trestment
are labor intensve, the cost advantage will be especiadly prominent in regions where labor isinexpensve,
skilled in agriculture, and conscientious.

Disadvantages: Some characterigtics which make vegetation effective and desirable in most

Stuations may be disadvantages in other Stuations. However, many of the following concerns will ether
not be applicablefor agpecific project, or will be acceptable as compromisesin light of vegetation’ smerits.
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The most serious shortcoming is that even well executed vegetative protection cannot be planned
and ingtalled with the same degree of confidence, or with as high a safety factor, as structura protection.
Thisis not to say that vegetation will not be adequate, or will not be more cost effective than structura
protection in a specific Stuation, but is rather an acknowledgement that structura protection can be
designed to function under more severe conditions of hydraulic and geotechnica ingtability than can
vegetation. Vegetation is especidly vulnerable to extremes of weether and inundation before it becomes
well established.

Quantitative guidance for the use of vegetation in streambank protection is limited, although there
has been progress through recent research. Most vegetative measures have constraints on the season of
the year in which ingtdlation can be performed. This shortcoming can be mitigated to some degree by
advance planning or by developing more than one option for vegetative trestment.

Inarid regions, vegetation can reduce soil moisture which may be aconcern. However, thisisnot
likely to be a serious concern if the native plant ecosystem was congdered in the initid sdection of
vegetative species.

Vegddive trestments often require significant maintenance and management to prevent the
following problems.

Growthof vegetation causng areduction in flood conveyance or causing erosive increases
in velocity in adjacent unvegetated aress,

Trunks of woody vegetation or clumps of brushy vegetation on armor revetment causing
locd flow anomalies which may damage the armor;

Large treesthreatening theintegrity of structurd protection by root invasion or by toppling
and damaging the protection works, or by toppling and directing flow into an adjacent
unprotected bank; and

Roots infiltrating and interfering with internal bank drainage systems, or causing excess
infiltration of water into the bank.

Many of these problems may be avoided through selection of the appropriate type, and species
of vegetation for the purpose. However, desgnersrarely have the practical experience or formd training
in biotechnology to make such sdlections and expert advice must be obtained from qudified individuasin
plant biology and bioengineering.

6.2 GRADE CONTROL
Implementation of bank stabilization measures without proper congderation of the stability of the

bed can result in costly maintenance problems and failure of structures. The stability of the bed is an
essentid component of any channel stabilization scheme. Bank stabilization measures are generdly
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appropriate solutionsto locd ingtability problems; however, when sysem-wide channel degradetion exists,
amore comprehensve treetment plan must beimplemented utilizing acombination of bank stabilization and
grade control. Therefore, design of an effective grade control structure, or asystem of structures, requires
at aminimum, acommon definition of stability, and adesign procedure that relies on the baance between
supply and trangport of adesired sediment yied from the upstream watershed and channel system. Aswill
be shown laer in this chapter, reliance on emprica design reationshipsfor grade control structuresis self-
defeating.

Equdly important to the design fundamenta sisan understanding of thefunctions of agrade control.
In the broadest sense, the term grade control can be gpplied to any ateration in the watershed which
provides gability to the streambed. The most common method of establishing grade control is the
congtruction of in-channel grade control structures. There are basically two functions of grade control
sructures. Onetype of structure is designed to provide ahard point in the streambed that is cgpable of
ressting the erosive forces of the degradationd zone. Thisissomewhat andogousto localy increasing the
Sze of the bed materid. Lan€e sreation (Section 3.4.1) would illustrate the Situation by QS™ % Q.Ds,",
where the increased slope (S") of the degradationd reach would be offset by an increase in the bed
materid Sze (Dg,"). For thisdiscussion, thiswill be referred to asaBed Control Sructure. The other
structureisdesigned to function by reducing the energy dopeaong the degradational zone (QS % QD).
Thiswill bereferred to asaHydraulic Control Sructure. The distinction between the processes by which
these structures operate is important whenever grade control structures are considered.

Because of the complex hydraulic behavior of grade control structures, it is difficult to designate
a sngle function that will gpply without exception to each dructure.  For many Stuations, the function of
adructure as either abed control structure or hydraulic control structureis readily apparent. However,
there may be circumstances where a single function of a structure as gtrictly a bed control or hydraulic
control structure may be less evident and, in many cases, the structure may actualy have characterigtics of
both. 1t aso must be recognized that the hydraulic performance and, therefore, the function of the structure,
can vary with time and discharge. This can occur within asingle hydrograph or over aperiod of years as
aresult of upstream or downstream channel changes.

6.21 TYPESOF GRADE CONTROL STRUCTURES

There are certain features which are common to most grade control structures. Theseinclude a
control section for accomplishing the grade change, a section for energy dissipation, and protection of the
upstream and downstream approaches. However, there is considerable variation in the design of these
features. For example, a grade control structure may be constructed of riprap, concrete, sheet piling,
treated lumber, soil cement, gabions, compacted earth fill, or other localy available materid. Also, the
shape (doping or verticd drop) and dimensions of the Structure can vary sgnificantly, as can the various
appurtenances (baffle plates, end slIs, etc.). The gpplicability of aparticular type of Sructureto any given
Stuation depends upon a number of factors such as. hydrologic conditions, sediment Size and loading,
channel morphology, floodplain and valley characteridtics, availability of congtruction materids, project
objectives, and time and funding congraints. The successful use of a particular type of structure in one
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Stuation does not necessarily ensure it will be effective in ancther. Some of the more common types of
grade control structures used in avariety of Stuations are discussed in the following sections. For more
information on various structure designs, the reader is referred to Neilson et al. (1991), which provides
acomprehengveinternationd literature review on grade control structures with an annotated bibliography.

6.2.1.1 Simple Bed Control Structures

Perhaps the smplest form of agrade control structure consists of dumping rock, concrete rubble,
or some other locally available non-erodible material across the channel to form a hard point. These
sructures are often referred to as rock sills, or bed slls. These type of structures are generaly most
effective in samadl stream agpplications and where the drop helghts are generdly less than about two to three
3 feet. A saries of rock sllIs, each creating a head loss of about two feet was used successfully on the
Gering Drain in Nebraska (Stufft, 1965). The design concept presented by Whitaker and Jaggi (1986) for
gabilizing the streambed with a series of rock slisisshownin Figure6.1. ThesllsinFigure6.1 areclassc
bed control structures which are smply acting as hard points to resist the erosion of the streambed.

ORIGINAL BED

BLOCK SILLS

©

STABLE CHANNEL
SLOPE

Figure6.1  Channd Stabilization with Rock Sills (adapted from
Whitaker and Jaggi, 1986)
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Constructionof bed slisissometimes accomplished by smply placing the rock dong the streambed
to act asahard point to resist the erosive forces of the degradational zone. 1n other Stuations, atrench may
be excavated across the streambed and then filled with rock. A critical component in the design of these
structures is ensuring that there is sufficient volume of non-erodible materid to resist the genera bed
degradation, aswell as the loca scour a the structure. Thisisillugtrated in Figures 6.2a and 6.2b which
shows a riprap grade control structure designed to resst both the general bed degradation of the
approaching knickpoint as well asany loca scour that may be generated at the structure. In thisinstance,
the riprap section must have sufficient massto launch with an acceptable thickness to the anticipated scour
hole depth.

6.2.1.2 Structureswith Water Cutoff

One problem often encountered with the above structures is the displacement of rock (or rubble,
etc.) due to the seepage flow around and benesath the structure. Thisis particularly a problem when the
bed of the channd is composed primarily of pervious materia. This problem can be eiminated by
congtructing awater barrier a the structure. Onetype of water barrier conssts of amply placing atrench
of impervious day fill upstream of thewer crest. This type of water barrier isillustrated in Figures 6.3a
and 6.3b. One problem with this type of barrier is its longevity due to susceptibility to eroson. This
problem can be avoided by using concrete or sheet piling for the cutoff wall. The conceptud design of a
riprap grade control structure with a sheet pile cutoff wal is shown in Figures 6.4aand 6.4b. In the case
of the doping riprap drop structures used by the Denver Urban Drainage and Flood Control Digtrict, an
impervious day fill is used in conjunction with a lateral cutoff wal (McLaughlin Water Engineers, Ltd.,
1986). Thisdesgnisillugtrated in Figure 6.5.

6.2.1.3 Structureswith Pre-formed Scour Holes

A ggnificant feature that distinguishes the doping riprap structure of Figure 6.5 from the other
structuresis the preformed, rock protected scour hole. A scour holeisanatura occurrence downstream
of any drop whether it isanaturd overfdl or aman-made structure. A rock grade control structure must
have sufficient launching rock to protect againg the vertical scour immediately downgtream of the weir
section. However, the lateral extent of the scour hole must aso be considered to ensure that it does not
become so large that the structure is subject to being flanked. With many smple grade control structures
insmal stream gpplications, very little, if any atentionisgivento thedesign of adtilling basin or pre-formed
scour hole, but rather, the erosion is dlowed to form the scour hole. However, a higher flow and drop
gtuations, a pre-formed scour hole protected with concrete, riprap, or some other erosion resistant
materids is usudly warranted. This scour hole serves as a dtilling basin for disspating the energy of the
plunging flow. Szing of the scour holeis acritica eement in the design processwhich isusudly based on
model studies or on experience with amilar sructuresin the area.

The gtability of rock structuresis often jeopardized at low tailwater conditions due to the stability
of the rock, which is often the limiting factor in determining the maximum drop height of
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Sloping Drop Grade Control Structure with Pre-formed Riprap Lined
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the structure. One way to ensure the stability of the rock is to design the structure to operate in a
submerged condition. Thisis the basis for design of the bed stabilizer shown in Figure 6.6 (U.S. Army
Corps of Engineers, 1970). These structures generdly perform satisfactorily aslong asthey are designed
to operate at submerged conditions where the taillwater (T') does not fal below 0.8 of the critica depth
(D) a the crest section (Linder, 1963). Subsequent monitoring of the in place structures confirmed their
successful performancein the field (U.S. Army Corps of Engineers, 1981).

In many ingtances, the energy disspation in a grade control structure is accomplished by the
plunging action of the flow into the riprgp protected tilling basin. Thisis generdly satisfactory where the
degree of submergence is rdatively high due to smal drop heights and/or high tailwater conditions.
However, a lower submergence conditions where drop heights are large or tailwater is low, some
additional means of disspating the energy must be provided. Little and Murphey (1982) observed that an
undular hydraulic jump occurs when the incoming Froude number islessthan 1.7. Consequently, Little
and Murphey devel oped agrade control design that included an energy disspating baffle to break up these
undular waves (Figure 6.7). Thisstructure, referred to asthe ARS type low-drop structure, has been used
successfully in North Mississippi for drop heights up to about six feet by both the U.S. Army Corps of
Engineersand the Soil Conservation Service (U.S. Army Corpsof Engineers, 1981). A recent modification
to the ARS structure was developed following modd studies a Colorado State Univerdity (Johnset al.,
1993; Abt et al., 1994). The modified ARS structure, presented Figure 6.8 retains the baffle plate but
adopts a vertica drop at the sheet pile rather than a doping rock-fill section.

6.2.1.4 Concrete Drop Structures

Inmany situationswherethe discharges and/or drop heights are large, grade control structuresare
normaly constructed of concrete. There are many different designs for concrete grade control structures.
The two discussed herein arethe Cdifornialngtitute of Technology (CIT) and the St. Anthony Falls (SAF)
structures. Both of these structures were utilized on the Gering Drain project in Nebraska, where the
decision to use one or the other was based on the flow and channel conditions (Stufft, 1965). Where the
discharges were large and the channd depth was rdatively shdlow, the CIT type of drop structure was
utilized. The CIT dructureis generdly applicable to low-drop stuationswhere theratio of the drop height
to critical depth isless than one; however, for the Gering Drain project thisratio was extended up to 1.2.
The origind design of this structure was based on criteria developed by Vanoni and Pollack (1959). The
dructure was then modified by modd sudies a the WES in Vicksburg, Missssppi, and is shown
in Figure6.9, (Murphy, 1967). Where thechannel wasrdatively deep and thedischargessmdler, the
SAF drop dtructure was used.  This design was developed from modd studies at the SAF Hydraulic
Laboratory for the U.S. Soil Conservation Service (Blaisdell, 1948). This sructure is shown in Figure
6.10. The SAF dructureis cgpable of functioning in flow Stuations wherethe drop height to critical depth
ratio is greater than one and can provide effective energy dissipation within a Froude number range of 1.7
to 17. Both the CIT and the SAF drop structures have performed satisfactorily on the Gering Drain for
over 25 years.
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6.2.1.5 Channd Linings

Grade control can dso be accomplished by lining the channd bed with a non-erodible materid.
These structures are designed to ensure that the drop is accomplished over a specified reach of the channel
which has been lined with riprap or some other non-erodible materid. Rock riprap gradient control
structures have been used by the U.S. Soil Conservation Servicefor severd years (U.S. Soil Conservation
Service, 1976). These structures are designed to flow in the subcritical regime with a constant specific
energy a the design discharge which is equa to the specific energy of flow immediatdy upstream of the
sructure (Myers, 1982). Although these structures have generaly been successtul, there have been some
associated local scour problems. This precipitated a series of model studies at the WES to correct these
problems and to develop a design methodology for these structures (Tate, 1988 and 1991). A plan and
profile drawing of the improved structure is shown in Figure 6.11.

6.2.1.6 Alternative Construction Materials

Whileriprap and concrete may bethe most commonly used construction materidsfor grade control
structures, there are many stuations where cost or availability of materiads may prompt the engineer to
consder other dternatives. Gabion grade control structures are often an effective dternative to the sandard
riprap or concrete structures (Hanson et al., 1986). Guidance for the construction of gabion weirsisaso
provided by the USACE (1974).

Another dternative to the conventiond riprap or concrete structure which has gained popularity
inthe southwestern U.S. isthe use of soil cement grade control structures. These ructuresare constructed
of on gte soil-sand in a mix with Portland Cement to form a high qudlity, eroson resstant mixture. Soil
cement grade control structures are most gpplicable when used asa seriesof smal dropsin lieu of asingle
large-drop dructure. Experience hasindicated that alimiting drop height for these Structuresis on the order
of three feet. Design criteriafor these structures is presented by Simons, Li, & Associates, Inc. (1982).

6.2.2 EFFECTIVENESS OF GRADE CONTROL STRUCTURES

Dedgn condderations for improving the effectiveness of grade control structures include
determination of the type, locationand spacing of structures aong the stream, dong with the devation and
dimensons of structures. Siting grade control structures is often consdered a Smple optimization of
hydraulics and economics. However, hydraulics and economics done are usudly not sufficient to define
the optimum spacing for grade control structures. In practice, the hydraulic consderations must be
integrated with a host of other factors, which vary from Ste to Ste, to determine the find structure plan.
Each of these factors should be considered in determining the effectiveness of the structures.

One of the most important stepsin the siting of a grade control structure or a series of structures
is the determination of the anticipated drop at the structure. This requires some knowledge
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Figure 6.11 Riprap Lined Drop Structures (adapted from Tate, 1991)

of the ultimate channe morphology, both upsiream and downdtream of the structure which  involves
assessment of sediment transport and channgl morphologic processes.

The hydraulic spacing of grade control Structures is a criticd element of the design process,
particularly when aseries of structuresisplanned. The design of each structureis based on the anticipated
tallwater or downstream bed eevation which, in turn, is a function of the next structure downstream.
Heede and Mulich (1973) suggested that the optimum spacing of structures is such that the upstream
structure does not interfere with the deposition zone of the next downstream structure. Mussetter (1982)
showed that the optimum spacing should be the length of the deposition above the structure thet is a
functionof the deposition dope (Figure 6.12). Figure6.12 dsoillustrates the recommendations of Johnson
and Minaker (1944), that the most desirable spacing can be determined by extending aline from the top
of the firg gtructure & a dope equd to the maximum equilibrium dope of sediment upstream until it
intersects the origind streambed. However, each of the above references implicitly includes a specific
sediment supply concentration, and that concentration is necessary for rationa designs.

Theoreticdly, the hydraulic spacing of grade control structures is straightforward and can be
determined by:

H=(S - S)x (62)
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Figure 6.12 Spacing of Grade Control Structure (adapted from Mussetter, 1982)

where H = theamount of drop to be removed from the reach;
S, = theorigind bed dope;
S = thefind, or equilibrium dope and
x = thelength of the reach (Goitom and Z€ller, 1989).

The number of structures (N) required for a given reach can then be determined by:
N =H/h (6.3
where h isthe sdected drop height of the structure.

It followsfrom Eq. (6.2) that one of the most important factorswhen siting grade control structures
is the determination of theequilibrium dope(S). Failureto properly define the equilibrium dope can lead
to costly, overly conservative designs, or inadequate design resulting in continued maintenance problems
and possible complete failure of the structures. Clearly, equilibrium dope (S) isafunction of the sediment
supply and is the dope required to trangport the sediment supplied.

A critical dement to designing for long-term sediment yield reduction is to explicitly include
sediment trangport and sediment yield in the design process. The USACE Generd Desgn Memorandum
(GDM) No. 54 (USACE, 19904) primarily usesaregiond stability curveto design the spacing and height
of grade control structures. Theregiond stability curve presented as Figure 6.13 isarelationship between
thalweg dope and drainage area, and was developed by plotting the dope and drainage area of stable
channel reaches. Figure 6.13 depicts the origina data, the regresson of the origind data, and data from
the 1995 monitoring of stream reeches. Stability was generdly defined in terms of the Channd Evolution
Modd (CEM) (Schumm et al., 1984) as discussed in Section 3.2. Regression of the origind data used
in GDM No. 54 reaultsin the following relaionship:
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S " 0.0041 ( A%0365 (6.4)

wheres S
A

the stable dope; and
the drainage areain square miles.

One factor to condder is the drainage area Size in developing this type of empirical reationship.
As shown in Figure 6.13, only one reach less than 8 square miles was included in the origind data,
whereas, alater sample of watershedsinthe samevicinity are primarily intherange of 2to 10 squaremiles.
Figure 6.14 is a comparison of the DEC monitoring reach energy dope data shown as CEM types, and
the GDM No. 54 dope-areacurve. For the portion of the dope-area curve greater than 10 square miles,
most of the reachesare CEM 4 or CEM 5, indicating areasonable degree of stability. For drainage areas
less than 10 square miles, the dope-area curve is defined by CEM 2 or CEM 3, generdly unstable
reaches. The CEM 4 datalessthan 10 square milesin drainage area are below the regression relationship
(EQ. 6.4).

Figure6.15issmilar to Figure 6.13, with thefollowing exceptions: @ 1995 DEC monitoring reach
datafor only CEM 4 and CEM 5 reachesare plotted; and b) these dataexclude reachesthat are ponded
asaresult of grade control congtruction. Ponding was not included in the origind conception of the CEM.
A new regression was made of the plotted data and the following relationship was plotted using asolid line
(Figure 6.15):

S " 0.0018 ( A%0145 (6.5)

Parameters are as previoudy noted. The GDM No. 54 relationship is shown above asthedash line. The
primary reasonsfor lowering and flattening of the relaionship isthat the sediment supply to the reacheshas
been reduced by upstream grade control structures and other measures emplaced by the DEC Project.
Therefore, the prior empirica reationship (Eg. 6.4) is now invaid due to the effectiveness of erosion
control measures.

Sahility, asdefined by the CEM criteria, includes abaance between sediment supply and sediment
transport capacity. As the sediment supply has been reduced, the stable dope must aso be reduced.
Therefore, dthough the dope-area curveisauseful benchmark for comparison of reaches, the curve will
require updating as success occurs in reducing sediment supply.  Condgderation should be given to using
design procedures that explicitly include sediment supply and transport capacity.

Unfortunately the empirical dope-arearegiond sability curve, dthough useful, does not explicitly
include sediment yield or sediment transport capacity. Thereationshipsonly implicitly includethe sediment
yidd of the stable channelsused in the database. Figure 6.16 depicts the relationship between the energy
dope and the computed sediment concentration in the DEC monitoring reaches. A regression expression
for the sediment concentration datais:
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Concentration ™ 164,104,428 ( S173 (6.6)

with the units of concentration as mg/l, and Sisthe energy dope. The coefficient of determination (R?) is
0.89. Asshown in Figure 6.16, the sediment concentration for S = 0.0009 is approximately 1000 mg/l,
whilefor S= 0.004 the concentration is approximately 10,000 mg/l. Figure 6.17 shows the dope-area
curve from GDM No. 54, and has vaues of sediment concentration taken from Figure 6.16 for selected
drainage areas. Therefore, using the dope-areacurvefor stable channel design would requirethe designer
to accept 712 mg/l at 90 square miles, 2,849 mg/l at 10 square miles, and extrapolating the reationship,
7,870 mg/l at 2 square miles. Therefore, investigation of an empirica spacing procedure has shown the
effectiveness of grade control structures in northern Mississippi.

6.2.2.1 Downstream Channel Response

Since grade control structures affect the sediment delivery to downstream reaches, it is necessary
to condder the potential impacts to the downstream channel when grade control structures are planned.
Bed control structures reduce the downstream sediment loading by preventing the erosion of the bed and
banks, while hydraulic control structures have the added effect of trapping sediments. The ultimate
response of the channel to the reduction in sediment supply will vary from dteto Ste. In some instances
the effects of grade control structures on sediment loading may be so smdl that downstream degradationd
problems may not be encountered. However, in some Stuations such aswhen aseriesof hydraulic control
gructures is planned, the cumulative effects of sediment trgpping may become significant. In these
ingtances, it may be necessary to modify the plan to reduce the amount of sediment being trapped or to
consder placing additional grade control structuresin the downstream reach to protect against the induced
degradation. Therefore, following the hydraulic spacing of a series of grade control structures using a
thorough investigation of providing a balance between supply and transport of water and sediment, the
designer musgt utilize along-term sediment routing model such as HEC-6 (Thomas, 1996), to investigate
downstream channel response.

Animproved structure spacing procedure would be to select an energy dope based onthe desired
sediment trangport concentration. The sediment trangport concentration of the CEM 5 reacheswithin the
DEC monitoring reaches can be used to sdect a design dope. Figure 6.18 provides a summary of the
sediment concentrationfor CEM typesfor 1993, 1994 and 1995; the line through the data is the average
for each CEM type. Figure6.16 can be used to estimate the energy dope. The dataindicatesthe design
dope for the CEM 5 concentration of 1,000 mg/l would be approximately 0.001, and the CEM 4
concentration of 2,000 mg/l would be 0.0014. Structurescould belocated using thisrange of bed dopes,
whichwould reduce sediment concentration below the existing average sediment transport. A check could
then be made comparing bed dope and energy dope, and adjustments could be made if required.

The proposed optiona procedure hasthe limitation of depending on the present field identification
of CEM 4 and CEM 5 reaches. Just as with the GDM No. 54 dope-area curve, asthe
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watersheds continue to stabilize the sediment concentrations will decrease, requiring that the sediment
concentration of the CEM 4 and CEM 5 reaches be reviewed and, perhaps updated.

A rationa approachto selecting the proper sediment supply would be gpproached in thefollowing
steps:

1. Assesssediment sourcessuch asgullies, bank erosion, overbank watershed sources, and others
to estimate the total watershed sediment yield on an annua basis usng comparative surveyed
cross sections, agria photography, watershed models, etc.; and

2. Fromthat assessment, estimate the sediment sourcesthat could be diminated using drop pipes,
bank stabilization, grade control, and land use management practices to determine a best-
practice sediment supply for the watershed.

The sediment trangport capacity of the channel reach would then be computed using the following
steps:

3. Develop asediment rating curve smilar to Figure 6.16 ether from measured data if available
or from sediment transport computations,

4. Generate aflow-duration curve, i.e., ardationship between the discharge and the percentage
of time during the year that a particular discharge occurs,

5. Compute the annud sediment yied as the summation of products of the rating curve and the
flow-duration curve, and

6. Adjust ether the sediment rating curve using grade control, or the flow-duration curve using
reservoir detention to meet the best-practice sediment supply for the watershed.

Standard computational procedures could then be used to check steady discharge or long-term
gamulation of the channel response.  This proposed procedure is more intensive; however, additiond
planning e ements and solution methods could be considered, and detail andysis is generdly only asmdl
fraction of construction costs for watershed stabilization.

Comparison of the annud yield from the DEC survey reaches (Table 6.1) indicates that sediment
yield has decreased 20%, as expressed as anaverage of al reaches. Segregating those reaches with and
without grade control structures indicates that those reacheswith grade control structures have decreased
sediment yield by 36%, while reaches without grade control have increased sediment yield by an average
of 8%, compared to 1993 levels. Long-term records are required before definitive conclusions can be
made regarding effectiveness of these structures.
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Table6.1  Annud Sediment Yield for Monitoring Reaches Surveyed in 1993, 1994, 1995, and 1996

ANNUAL SEDIMENT YIELD (cubic yards)

Site Reach No. 1993 194 1995 1996
Abiaca6 1 15,369 24482 20,972 1,319
Fannegusha 1 42,529 45,722 32,709 34,851
Harland 1 22,108 30,027 22,669 24,711
Harland 23 1 36,056 46,149 34371 37,812
Hickahala 1 26,403 33,247 39,944 36,554
Hickahala 2 52,377 35,031 60,740 58,953
Hotopha 1 111,480 133137 71,568 20,867
Lick 1 42,837 61,262 52,443 25,842
Long 1 15,880 40,367 32,866 28,069
Long 2 39,410 33,859 25513 11,017
Long 3 60,559 81,830 58,578 32,311
Long 4 36,171 18,180 16,014 24,612
Otoucalofa 1 26,409 217 26,278 32,545
Redbanks 1 53,303 2414 51,215 49,923
Sykes 1 47,773 49,850 68,073 87,471
Worsham 1 79,347 90,796 83,030 79,569
Worsham 2 11,543 15,876 9114 18932
E. Worsham 1 52,761 55,610 38,390 101,079
M. Worsham 1 22,059 19,498 19,352 16,655
M. Worsham 2 25,061 18,343 3575 16,186
M. Worsham 3 23,576 11,273 6,762 5,103
M. Worsham 4 8,033 9,680 7,715 8477
W. Worsham 1 26,853 62,153 24,927 26,118
W. Worsham 2 44,312 43218 33,152 27,539
W. Worsham 3 48,269 20,903 17432 15,502
W. Worsham 4 140,714 58,983 66,282 72,063
ALL DATA
Annual Sediment Yield (cubic yards) 1,111,192 1,104,061 923,684 894,080
Per centage of 1993 Sediment Yield 1% 17% 20%
REACHESWITHOUT GRADE CONTROL
Annual Sediment Yield (cubic yards) 414,397 522,416 476,140 446,588
Per centage of 1993 Sediment Yield -26% -15% -8%
REACHESWITH GRADE CONTROL
Annual Sediment Yield (cubic yards) 696,795 581,645 447544 447,492
Per centage of 1993 Sediment Yield 17% 36% 36%
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6.2.2.2 Geotechnical Consider ations

The above discussion focused only on the hydraulic aspects of design and sting of grade control
dructures. However, in some cases, the geotechnical stability of the reach may be an important or even
the primary factor to consder when siting grade control structures. Thisis often the case where channd
degradation has caused, or is anticipated to cause, severe bank ingtability dueto exceedance of the critica
bank height (Thorneand Osman, 1988). When thisoccurs, bank instability may be widespread throughout
the system rather than regtricted to the concave banksin bendways. Traditiona bank stabilization measures
may not be feasible in Stuations where system-wide bank ingtabilities exist. In these instances, grade
control may be the more gppropriate solution.

Grade control structures can enhance the bank stability of achannd in severa ways. Bed control
gructuresindirectly affect the bank stability by stabilizing the bed, thereby reducing the lengthof bankline
that achievesan ungtable height. With hydraulic control structures, two additiona advantages are gpparent
with respect to bank stability: (1) bank heights are reduced due to sediment deposition, which increases
the stability of the banks with regard to massfailure; and (2) by cresting a backwater Situation, velocities
and scouring potentid are reduced, which reduces or iminates the severity and extent of basd cleanout
of the failed bank materid, thereby promoting saf-hedling of the banks.

An andysisof al cross sections surveyed each year during the period 1993 through 1996 with a
bank angle greater than 50 degrees was made using the Darby and Thorne (1996a,b) method. Table 6.2
summarizes the results of the andyses.

Table 6.2 Bank Stability Andyss Summary

1993 1994 1995 1996

Number of Cross Sections

Tota 28 25 26 41

With Grade Control 15 14 13 20

Without Grade Control 13 11 13 21
Faling Reach Length (m)

With Grade Control 457 0 0 305

Without Grade Control 2,403 2,904 4,169 3,342
Totd Volume Failing (cu. m)

With Grade Control 1,463 0 0 1,527

Without Grade Control 6,488 10,456 15,424 22,059

These data show a sgnificant increase in the number of cross sections greater than 50 degreesin
1996 over the previous three years, with an approximately equa number of the steeper banks occurring
in reacheswith and without grade control. The increase in steep banks may be due to severd factors,
however, no reason is adequately known to offer an opinion.
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For reaches without grade control, the total volume of failure has increased by afactor of 3.4 for
reaches without grade control as bank heightsincrease due to incison. By comparison, the total volume
of failurefor reacheswith grade control has not significantly increased and has been zero for two of thefour
years. 1n1996, the volume of steep bank cross section failure with grade control was only 7% of smilar
cross sections without grade control. The data gppear to confirm the value of grade control in reducing
bank height for bank stabilization in incisng streams.

6.2.2.3 Flood Control Impacts

Channd improvementsfor flood control and channel stability often appear to be mutudly exclusive
objectives. For this reason, it is important to ensure that any increased post-project flood potentid is
identified. This is particularly important when hydraulic control structures are considered. In these
ingtances the potentid for causing overbank flooding may be the limiting factor with respect to the height
and amount of condriction a the structure. Grade control structures are often designed to be hydraulicaly
submerged at flowslessthan bankfull so that the frequency of overbank flooding isnot affected. However,
if the structure exerts control through awider range of flows including overbank, then the frequency and
duration of overbank flows may be impacted. When this occurs, the impacts must be quantified and
appropriate provisons such as acquiring flowage easements or modifying structure plans should be
implemented.

Another factor that must be considered when designing grade control structuresisthe safe return
of overbank flows back into the channdl. Thisis particularly a problem when the flows are out of bank
upstream of the structure but ill within bank downstream. The resulting head differential can cause
damage to the structure aswell as severe erosion of the channe banks depending upon where the flow
re-entersthe channd. Some means of controlling the overbank return flows must be incorporated into the
sructure design. One method is smply to design the structure to be submerged below the top bank
elevation, thereby reducing the potentia for a head differential to develop across the structure during
overbank flows. If the structure exerts hydraulic control throughout a wider range of flows including
overbank, then amore direct means of controlling the overbank return flows must be provided. One
method is to ensure thet al flows pass only through the structure. This may be accomplished by building
an earthen dike or berm extending from the Structure to the valey wallswhich prevents any overbank flows
from passing around the structure (Forsythe, 1985). Another means of controlling overbank flowsisto
provide an auxiliary high flow structure which will pass the overbank flows to a specified downstream
|ocation where the flows can re-enter the channd without causing significant damage (Hite and Pickering,
1982).

6.2.2.4 Environmental Condderations

Projects must work in harmony with the natural syssem to meet the needs of the present, without
compromising the ability of future generations to meet their needs. Engineers and geomorphologist are
responding to this chdlenge by trying to develop new and innovative methods for incorporating
environmenta features into channd projects. Thefind sting of agrade control structure is often modified
to minimize adverse environmenta impacts to the system.
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Grade control structures can provide direct environmenta benefitsto astream. Cooper and Knight
(1987) conducted a study of fisheries resources below natural scour holes and man-made pools below
grade control structures in north Mississppi. They concluded that dthough there was greater species
diversty in the natura pools, there was increased growth of game fish and a larger percentage of
harvestable-size fish in the man-made pools. They also observed that the man-made pools provided
greater ability of reproductive habitat. Shidds et al. (1990) reported that the physical aquatic habitat
diversty was higher in stabilized reaches of Twentymile Creek, Missssppi than in reaches without grade
control structures. They attributed the higher diversty vaues to the scour holes and low-flow channels
created by the grade control structures. The use of grade control structures as environmentd fegturesis
not limited to the low-gradient sand bed streams of the southeastern United States.  Jackson (1974)
documented the use of gabion grade control structures to stabilize a high-gradient trout stream in New
Y ork. She observed that following congtruction of a series of bed silIs, there was a sgnificant increase in
the dengty of trout. The increase in trout dengity was attributed to the accumulation of gravel between the
sllswhich improved the spawning habitat for various pecies of trout.

Perhaps the most serious negative environmenta impact of grade control Structures is the
obstructionto fish passage. In some cases, particularly when drop heightsare smdll, fish areableto migrate
upstream past a structure during high flows (Cooper and Knight, 1987). However, in Stuations where
structures are impassable, and where the migration of fish is an important concern, openings, fish ladders,
or other passageways must be incorporated into the design of the structure to address the fish movement
problems (Nunndly and Shields, 1985). The various methods of accomplishing fish movement through
structures are not discussed here. Interested readers are referred to Nunnally and Shields (1985), Clay
(1961), and Smith (1985) for a more detailed discussion.

The environmenta aspectsof the project must be an integra component of the design processwhen
gting grade control structures. A detailed sudy of al environmenta featuresin the project areashould be
conducted early in the design process. Thiswill alow thesefactorsto be incorporated into theinitid plan
rather than having to make cogtly and often less environmentally effective last minute modifications to the
find desgn. Unfortunately, there is very little published guidance concerning the incorporation of
environmenta features into the design of grade control structures. One source of useful information can
be found in the following technica reports published by the Environmental Laboratory of the Corps of
Engineers, WES (Shields and Palermo, 1982; Henderson and Shields, 1984; and Nunndly and Shields,
1985).

6.2.3 SUMMARY

The effectiveness of grade controls in stabilizing incised channels has been documented based on
results from the DEC watersheds. Effectiveness in improving stream ecology has aso been briefly
documented through references. Additiona benefitsin reducing damageto infrastructure, improving flood
control and other factors is discussed. All of these benefits require careful design, construction, and
maintenance. However, themaost important factor in enhanced grade control effectivenessmay betheinitia
planning and god identification for the incised channel rehabilitation project.
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The above discussion illustrates that the design of grade control structuresisnot Smply ahydraulic
exercise. Rather, there are many other factors that must be included in the design process. For any
gpecific Stuation, some or dl of the factors discussed in this section may be critical dementsin the find
gting of grade control structures. It isrecognized that thisdoesnot represent an dl inclusivelist sncethere
may be other factors not discussed here that may be localy important. For example, in some cases,
mantenance requirements, debris passage, ice conditions, or safety considerations may be controlling
factors. Consequently, there is no definitive cookbook procedure for designing grade control structures
that can be gpplied universdly. However, consideration of each factor in an anaytic and balanced fashion,
and avoiding reliance on empircd procedures, can lead to effective and intelligent use of grade control
structures.

6.3 FLOW CONTROL

Although bank stahilization and grade control arethe primary structural methods utilized in channel
rehabilitation, project gods often require the implementation of flow control. Unfortunately, predicting the
channel response to flow control is extremdly difficult. The complexity of channel response is illustrated
inLane's rdationship (Figure 3.19), which indicates that areduction in discharge, would alow a steeper
dope to exig in the channd. Therefore, the degradationa potentia in a channel due to excessive dope
would be minimized or even eiminated by the reduced discharge. However, this scenario is based on the
assumptionthat the sediment load (Q,) and the bed materid size (Ds;) remain unchanged. Thisis seldom
the case gnce the trapping of sediment in the reservoir generdly results in a reduced sediment supply
downstream of the dam. According to Lane srelationship, areduced sediment load downstream of adam
would result in aflater dopethat would result from bed degradation. Thus, thereductionin dischargeand
sediment load downstream of adam tendsto produce counteracting results. The ultimate channel response
depends on the relaive magnitude of the changes in discharge and sediment load, and on the downstream
watershed characteristics such as tributary inputs, geologic controls, bed and bank materids, and existing
channel morphology.

Because of these complexities, it is extremely difficult to predict the anticipated channel response
to the condruction of adam. Therefore, it is difficult to develop definitive design criteria or guidance for
the use of flow control asameans of accomplishing project gods. There are d'so numerous environmenta
consequences that must be considered.  Generdly, where flow control has been used for channel
dabilization, it hasbeen based primarily on past experienceswith smilar projectsinthearea For example,
studies by the Natural Resources Conservation Service in Mississippi showed that when over 60% of the
Abiaca Creek watershed areain Missssippi was controlled by flood water retarding structures, the channel
ingtability problemswere significantly reduced (Water Engineering & Technology, 1989). Obvioudy, each
watershed will behave differently, and the Abiaca results can not be gpplied regionaly without further
investigations. However, the results do provide some indication that channel stability can beimproved by
flow contral.
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Watson et al. (1997) found that the skewness of the flow distribution was strongly related to
sediment yidd. Skewness, as defined by Chow (1964) is a measure of the lack of symmetry of a
digribution. For example, with the coefficient of skewness, G, a zero (C, = 0), the didribution is
symmetric; with C, > 0, the digtribution is skewed to the right with along tail on the right side; and with C
< 0thedigributionis skewed to theleft. Figure 6.19 depictsthe relationship devel oped by Watson et al.
(1997) between the skewness of theflow digtribution for the 15-minute data, and the annua sand yield per
unit areafor nine streamswithin the DEC watershedsin Missssppi. A trend of increasng sediment yield
with increesing skewness is evident. The outlier, Hickahaa Creek, has an anomaloudy high, and
unexplained, sand yidd. Figure 6.19 indicates that within the channdized DEC dreams, the sand yield
(tons per acre) increased by a factor of amost ten for a three-fold increase in skewness. As the peak
discharge of a watershed increases due to land use change, channdization, or channd incison, the
skewness increases. Conversaly, the decrease in the peak discharges associated with flow control will
reduce the skewness of the flow distribution, and result in a reduction in the downstream ddlivery of
Sediment.
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It dso follows that for a given volume of a flood event, if the peak is of greater magnitude, the
recesson must be of shorter duration and of lower magnitude. At some low discharge, critica conditions
exid for fish and other agquatic Species. Many channdized streams do not have sufficient depth of flow for
fishaurviva in summer baseflow. Karr et al. (1986) lists mgor flow regime factors that affect aquatic
biota, which include: dteration of magnitude of high and low flows, increased maximum flow ve ocity, and
a decrease in protected sites. These factors which are detrimental to aquatic biota are associated with
increased skewness of the discharge. Therefore, reducing the skewness through flow control can offset
some of the detrimenta effects of channelization and channd incision.

In summary, increased storage in the watershed through flow control can be used to adjust
hydrologic response to enhance aguatic and terrestrid habitat, improve channe stability, and to decrease
sediment yield that can severely impair downstream flood control channels, reservoirs, and wetlands.
However, the negative impacts associated with flow control such as decreased terrestrid habitat, reduced
flushing flows for fish, decreased water temperatures, scour downstream of the dam, and blockage of fish
passage must aso be considered.
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CHAPTER 7

CLOSING

Channd modification and channd improvement activities frequently have far reaching impacts
upstreamand downstream of the project Site. Channd modification activities can adversely impact channel
design features such as flood control, navigation, sediment control, and in-stream and riparian habitats.
These activities are recognized by the Environmental Protection Agency (EPA) as a mgjor source of
nonpoint pollution. The Water Quality Act of 1987, section 101, includes the following policy statement:
It is the national policy that programs for the control of nonpoint sources of pollution be
developed and implemented in an expeditious manner.

Channd rehabilitation design should be applied not only to unstable systems that are causing
problems, but aso to new project designs where it isanticipated that changes madeto the existing system
will result in long-term gtability problems. Because of the complexity of the channd rehabilitation design
process, it isnot easily summarized asalinear sequence of sepsto befollowed. The systematic approach
taken by this manud is necessary for developing aworkable project design that will function as intended.
The design of these types of projects requires the synthesis and integration of extensive background data
such as watershed geology, geography, sediment, hydrology, and hydraulics with andytic and empirica
design procedures.

Unfortunately, a thistime, no nationaly recognized set of design and performance criteriaexist to
meet this mandate, nor is there a comprehensive manua that provides guidance for systematicaly
gpproaching channel rehabilitation design. This manua has been developed as areference to be used in
channd rehabilitation training courses to be taught by the Waterways Experiment Station (WES) in
cooperation with the EPA. The manual is designed to present an organized, systematic gpproach to
channd rehabilitation, beginning with project planning and god setting, through the preliminary project
design phase. Specific dternative designs for channd rehabilitation are not presented in this manual.
References for specific design information are provided in the text. The topics presented in this manua
indude:

1) The channd rehabilitation design process,

2) Geomorphic assessment and analysis of the proposed project areg;

3) A summary of channd modification activities,

4) Fundamentd engineering design computations to support sysems andys's, and
5) Prdiminary design procedures for stable channd design.
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Closing

Thismanud isdesigned to be used by persons of awide variety of experience and education. We
would gppreciate your comments and suggestions for enhancement of the document. Please contact:

Dr. David Biedenharn
CEWES-CR-R
USACE, WES

3909 Hdls Ferry Road

Vicksburg, MS 39180
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A PRACTICAL GUIDE TO EFFECTIVE DISCHARGE CALCULATION

David S. Biedenharn!, Colin R. Thorne?, Philip J. Soar®,
Richard D. Hey*, Chester C. Watsor®

ABSTRACT: This paper presents a procedure for caculating the effective discharge for rivers with
dluvid channds. Andluvid river adjugsthe bankfull shape and dimensonsof itschanne to thewiderange
of flows that mobilize the boundary sediments. It has been shown that time-averaged river morphology is
adjusted to the flow that, over aprolonged period, trangports most sediment. Thisistermed the effective
discharge. While it may, under some circumstances, be possible to estimate the dominant discharge from
the bankfull discharge, in practice, identification of bankfull stage in the fidd is often problematic. The
dominant or channel-forming discharge may more reliably be found by caculating the effective discharge
provided that the necessary data are available, or can be synthesized, and the calculations are properly
performed. The procedure for effective discharge caculation presented hereis designed to have generd
goplicability, havethe capability to be gpplied condgtently, and to integrate the effects of physica processes
responsble for determining the channd dimensions. An example of the cdculaions necessary and
gpplications of the effective discharge concept are presented.

KEYWORDS

Bankfull Discharge, Effective Discharge, Hydraulic Geometry, Regime Theory, River Engineering, River
Management, River Retoration, Stable Channel Design

INTRODUCTION: THEORIESAND CONCEPTS

While most engineersand river scientists recogni ze the conceptud limitations of dominant discharge
theory, its gpplication remains popular due to the versatility and utility of gpproaches that incorporate the
principle that the cumulative effect of arange of discharges can be represented by asingle flow. However,
thereis agreat ded of uncertainty regarding both the terminology concerning dominant discharge and the
best practiceinitscdculation.  To dleviae both difficulties, this paper presents a definitive glossary of
terms (Appendix I1) and outlines the best practical procedure for calculating the effective or channd-
forming discharge.
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Appendix A: A Practical Guide to Effective Discharge Calculations

Alluvid rivers have the potentid to adjust their shape and dimensions to dl flows that transport
sediment, but Inglis (1941) suggested that, for rivers that are in regime, a single steedy flow could be
identified which would produce the same bankfull dimensonsasthe natura sequence of events. Hereferred
to thisflow asthe dominant discharge. Based on field observations, Inglis (1947) took into consideration
that the dominant discharge was approximated by flows at or about bankfull stage. This finding has been
supported by subsequent research on the discharge controlling regime channel morphology (Nixon, 1959;
Simons and Albertson, 1960; Kellerhas, 1967; Hey and Thorne, 1986) and studies of shalow overbank
flows (Ackers, 1992; James and Brown, 1977).

To explain this phenomenon it is necessary to recognize that any loca imbaance in the sediment
budget must generate change in the morphology of ariver through either eroson or deposition. Hence, to
reman dynamicaly stable, the regime dimensions of the channd must be adjusted so that, over a period
of years, sediment input and output balance. Over thistime scale, Wolman and Miller (1960) showed that
rivers adjust their bankfull capacity to the flow which, cumulatively, transports the most sediment and
Andrews (1980) named that flow the effective discharge.

Wolmanand Miller (1960) found that the effective discharge correspondsto an intermediate flood
flow since very frequent minor floods transport too small a sediment load to have amarked impact on the
grossfeatures of the channel. While catastrophic events, which individudly transport large sediment loads,
occur too infrequently to be effective in forming the channd. The potentid for large floods to disrupt the
regime condition and cause mgor channel changesis recognized by this concept. However, large floods
are not channel-forming provided that the return period of these extreme events is longer than the period
required for subsequent, lesser events to restore the long-term, average condition (Wolman and Gerson,
1978).

Perennid rivers usudly recover ther long-term, average morphology within 10 to 20 years
following amgor event, principaly because riparian and floodplain vegetation limits the impacts of mgor
floods while vegetation regrowth encourages the processes of sltation involved in morphologica recovery
(Guptaand Fox, 1974; Hack and Goodlett, 1960). In semi-arid regions, the recovery period tendsto be
longer, reflecting the reduced effectiveness of sparse vegetation in increasing the channd’s resilience to
change and the sengtivity of the channd to the occurrence of relaively wet and dry periods (Schumm and
Lichty, 1963; Burkham, 1972). In arid aress, the largest floods leave very long lasting imprints on the
channd. Primarily because of the lack of vegetation and, secondly, because lesser events capable of
restoring aregime condition rarely occur (Schick, 1974). For this reason, the dominant discharge concept
is generdly thought to be inapplicable to ephemerd streamsin arid regions.

Equivaence between bankfull and effective discharges for natura dluvid channelsthat are sable
has been demondtrated for arange of river typesin different hydrologica environments provided that the
flow regimeisadequatdly defined and the appropriate component of the sediment load iscorrectly identified
(Andrews, 1980; Carling, 1988; Hey, 1997).

The equivaence of bankfull and effective discharges for stable channels suggests that either one
could be used to define the channd-forming discharge. Also, in theory, this discharge could be determined
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indirectly from an estimate of the return period for either the bankfull or effective discharge. In prectice,
problems often arise when atempting to use bankfull discharge to determine the dominant discharge.
Problems center on the wide range of definitions of bankfull stage that exist (Williams, 1978). Although
severd criteriahave been identified to assst in fidd identification of bankfull Sage, ranging from vegetation
boundaries to morphologica bresks in bank profiles, considerable experience is required to apply these
in practice, epeciadly on rivers which have in the past undergone aggradation or degradation.

In many studies channel-forming discharge is estimated from the recurrence interva for bankfull
discharge. Leopold and Wolman (1957) suggested that the bankfull flow has a recurrence interval of
between one and two years. Dury (1973) concluded that the bankfull discharge is gpproximately 97% of
the 1.58 year discharge, or the most probable annua flood. Hey (1975) showed that for three British
gravel-bed rivers, the 1.5 year flow in an annua maximum series passed through the scatter of bankfull
discharges measured adong the course of therivers. Richards (1982) suggested that, in apartia duration
series, bankfull discharge equalsthe most probable annua flood, which has aone-year recurrenceinterval.
For expediency, bankfull dischargeis often assumed to have arecurrenceintervd of 1.5 yearsand Leopold
(1994) dated that most investigations have concluded that the bankfull discharge recurrence intervalsrange
from1.0to 25years. However, there are many ingances wherethe bankfull discharge doesnot fall within
thisrange. For example, Pickup and Warner (1976) determined bankfull recurrence intervals may range
from4to 10 yearsin theannua maximum series. Therefore, extreme caution must be used when estimating
the dominant discharge using aflow of specific recurrence interval.

Although the channe forming discharge concept is not universaly accepted, modt river engineers
and scientists agree that the concept has merit, a least for perennid and ephemera streamsin humid and
semi-arid environments. There arethree possible gpproachesto determining the channd-forming discharge:
1) bankfull discharge; 2) flow of a given recurrence interva, and; 3) effective discharge. 1dedly, the
method used should have genera applicability, the cgpability to be gpplied consgtently, and integrate the
physica processes respongble for determining the channe dimensions. Of the three possible approaches
listed above, only the effective discharge has the potentia to meet these requirements. Another advantage
of the effective discharge is that it can be caculated for post-project conditions, where the hydrologic
regime may be sgnificantly different from the existing regime due to the congtruction of dams, diversions,
or there mgor channel improvement activities. Selection of the appropriate method will be based on data
avalability, physicd characteristics of the site, level of sudy and time, and funding congraints. If possible,
it is recommended that all three methods be used and cross-checked against each other to reduce the
uncertainty in thefina etimate.

HYDROLOGICAL DATA AND CALCULATIONS
Basic Principles

The range of flows experienced by the river during the period of record is divided into a number
of classes and then the total amount of sediment transported by each classis caculated. Thisisachieved
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by multiplying the frequency of occurrence of each flow class by the median sediment load for that flow
class(Figure1). Input dataare:

i) flow data; and

ii) asediment trangport rating curve.

Etfective discharge

Freguency
() Sedimanl discharge raling curve
(N} Collective sadiment discharge {ixii)

)

Discharge

Figurel Derivation of Bed Materid Load-discharge Histogram (iii) From Flow
Frequency (i) and Bed Materid Load Rating Curves (ii)

The cdculated vaue of the effective discharge depends to some extent on the steps used to
manipulate the input data to define the flow regime and sediment transport function. The procedure
described here represents the best practice in this regard, based on extensive first-hand experience.
Different procedures must be employed for gaged and ungaged Sites.

Gaged Sites
At gaged sites, the first step is to group the discharge data into flow classes and determine the
number of events occurring in each class during the period of record. Thisisaccomplished by constructing

aflow frequency histogram, which isafrequency distribution function of discharges measured at the gaging
dation. Three critica components must be consdered when developing the flow frequency histogram: 1)
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the number of discharge classes; 2) the time base for discharge averaging, and; 3) thelength of the period
of record.

Selection of Discharge Class Interval

The sHlection of dassinterva can influence the effective discharge caculaion. Intuitively, it might
be expected that the smdler the class interval and, therefore, the greater the number of classes, the more
accurate would be the outcome. However, if too small an interva is used, discontinuities appear in the
discharge frequency digtribution. These, inturn, produce an irregular sediment load histogram with multiple
peaks. Therefore, the sdlected dassinterva should be smal enough to accurately represent the frequency
digtribution of flows, but large enough to produce a continuous distribution, with no classes having a
frequency of zero.

There are no definite rules for sdlecting the most appropriate interva and number of classes, but
Y evjevich (1972) dtated that the classinterva should not be larger than s/4, where sis an estimate of the
standard deviation of the sample. For hydrologica gpplications he suggested that the number of classes
should be between 10 and 25, depending onthe sample size. Hey (1997) found that 25 classeswith equal,
aithmetic intervas produced ardatively continuousflow frequency distribution and asmooth sediment load
histogramwith awell-defined peak. Thisindicates an effective discharge which corresponded exactly with
bankfull flow. A smadler interval, and correspondingly larger number of classes, produced anomaous
results. Particular care must be exercised on rivers where there is a high incidence of very low flows. In
sand bed rivers, the low flows may be competent to transport the sediment. Under these circumstances,
the effective discharge may be biased towards the lowest discharge class, and caution must be exercised,
therefore, when using arithmetic dassintervas.

Hows within the lowest discharge class are seldom normdly distributed, being skewed towards
the lower class boundary. The effect isthat caculation of the sediment load transported by that class of
flow, based on the median sediment transport rate, will overestimate the actud vaue. If thisisaproblem,
it may be necessary to subdivide the lowest classinterval into smaler classes.

An dternative approach for determining the class intervd is to use the U.S. Geologica Survey
(USGS) flow duration procedurethat dividesthe datainto 35 classes. Thelowest classiszero, with aclass
width of 0to 0. The next classwidth is 0 to the minimum discharge vaue. The remaining 33 classes are
determined by subtracting thelogarithm of the minimum discharge from thelogarithm of the maximum vaue,
and dividing by 33, to define equd, logarithmic class intervals.  The use of log-scale dass intervas is
atractive in that it divides the low discharges into more classintervals. Thisis useful because, on rivers
where the flow duration curve is strongly skewed due to a high incidence of low flows, it generates
goproximately equal numbers of eventsin each. However, the discharge class intervals at the upper end
of the distribution can be extremdy large, artificidly biasng the vaue of the effective discharge towards
these flows. Caution must be exercised, therefore, when using logarithmic classintervals.
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Time Base

Mean dally discharges are conventiondly used to congruct the flow duration curve. Although this
is convenient, given the reedy availability of mean daily discharge data from the USGS, it can, in some
cases, introduce error into the calculations. This arises because mean daily vaues can under-represent the
occurrence of short-duration, high magnitude flow events that occur within the averaging period, while
over-representing effects of low flows.  On large rivers the use of the mean daily vaues is acceptable
because the difference between the mean and peek daily discharges is negligible. However, on smdler
sreams, flood events may last only afew hours, so that the peek daily discharge is much greater than the
corresponding mean daily discharge. Excluding theflood pesks and the associated high sediment loads can
result in underestimation of the effective discharge. Rivers withahigh flashinessindex, defined astheratio
of the instantaneous peak flow to the associated daily mean flow, aremost likely to be affected. Toavoid
this problem it may be necessary to reduce the time base for discharge averaging from 24 hours (mean
daily) to 1 hour, or even 15 minutes onflashy streams. When ashorter time baseis used for the discharge
data, it is necessary to use a corresponding time base for the sediment rating curve. For example, an
investigation of discharge data for leven USGS gaging dations in the Yazoo River Basin, Missssippi
reved ed that theannud yield of bed materid cdculated usng mean daily discharge datawas gpproximately
50% less than the yidd calculated using 15-minute data (Watson et al., 1997). These are rdlaively small
basins (drainage areas|essthan 1,000 kn¥) with high rainfal intensities and runoff characterigtics that have
been severdly affected by land-use change and channd incison. Consequently, hydrographs are
characterized by steep risng and fdling limbs, with events pesking and returning to base flow in much less
than 24 hours.

In practice, mean daily discharge data may be dl that are available for the mgority of gaging
dations and these datamay be perfectly adequate. However, caution must be exercised when using mean
dally datafor watershedswith flashy runoff regimes and short-duration hydrographs. The useof 15-minute
data to improve the tempora resolution of the caculations should be serioudy consdered whenever the
available flow records dlow it.

Period of Record

The period of record must be sufficiently long to include awide range of morphologicaly-significant
flows, but not so long that changes in the climate, land use or runoff characterigtics of the watershed
produce sgnificant changeswith timein the data.  If the period of record istoo short, thereisaggnificant
risk that the effective discharge will be inaccurate due to the occurrence of unrepresentative flow events.
Conversdy, if the period is too long, thereisarisk that the flow and sediment regimes of the stream at the
beginning of the record may be significantly different to current conditions. A reasonable minimum period
of record for an effective discharge cdculation is about 10 years, with 20 years of record providing more
certainty that the range of morphologicaly sgnificant flowsisfully represented in the data. Recordslonger
than 30 years should be examined carefully for evidence of tempord changes in flow and/or sediment
regimes. If the period of record a a gaging station is inadequate, consideration should be given to
developing an effective discharge based on regiond estimates of the flow duration as outlined below.
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Ungaged Sites

At ungaged sites, and gaged sites where records are found to be unrepresentative of the flow
regime, it is necessary to synthesize aflow duration curve. There are two possible methods of doing this,
using records from nearby gaging stations within the same catchment or hydrologica region.

Catchment Flow Duration Curve Method (Basin-Area Method)

This method relies on the avallability of gage data from a number of stations along the same river
as the ungaged study site. Firgt, flow duration curves for each gaging stetion are derived for the common
period of record. Provided thereisaregular downstream decrease in the discharge per unit watershed
area, then a graph of discharge for a given exceedance duration againgt upstreambasin areawill produce
a power function best fit regresson line with negligible scatter. For example, Figure 2 shows this
relationship for the River Wye, UK (Hey, 1975). The equations generated by this method enable the flow
duration curve a an ungaged Site on that river to be determined as a function of its upstream watershed
area. How frequenciesfor sdected discharge classes may then be extracted from the flow duration curve
for the ungaged Ste.
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Figure2 Downstream Daily Fow Duration Curvesfor the River Wye, UK Based on
Datafrom Gaging Stations Collected Between 1937 and 1962 (adapted
from Hey, 1975).
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For ungaged stes on streams with only one gaging station, flow duration curves can be estimated
for ungaged Sites provided that the streams are tributaries to rivers where the relaion between discharge
and basin areaconformsto aknown power function. Estimates of the contributing flow to the maingem can
be obtained from the difference between discharges on the mainstem above and below the tributary
junction. Discharge-basin area relations can then be derived for the tributary given theflow duration curve
a the gaging station and the predicted curve at its confluence with the mainstem. However, thistechnique
should not be used if there are distinct and abrupt downstream changes in the discharge per unit area for
the watershed, dueto tributaries draining different hydrological regions. Inthiscaseit would be preferable
to use the regionalized duration curve method described next.

Regionalized Duration Curve Method

An dternative to the use of watershed area to generate a flow duration curve for an ungaged ste
is to use a regiond-scaling method based on data from watersheds with smilar characteristics.  For
example, Emmett (1975) and Leopold (1994) suggest using the ratio of discharge to bankfull discharge
(Q/Q,) asanon-dimensiond index with which to transfer flow duration relationships between basinswith
amilar characteristics. However, bankfull discharge does not necessarily have either aconsistent duration
or return period (see, for example, Williams, 1978). To get around this problem, a non-dimensiona
discharge index was proposed by Watson et al. (1997) using the regiondized 2-year discharge to
normalize discharges (Q/Q,).

For ungaged Sites the 2-year discharge may be estimated from regiondized discharge frequency
rel ationships devel oped by the USGS (1993) on the basis of regression relationships between the drainage
area, channe dope, and dope length. These relationships are available for most American states. The
dimensionless discharge index (Q/Q,) can be used to transfer a flow duration relationship to an ungaged
dte from a nearby, gaged dte. The gaged Ste may ether be within the same basin, or an adjacent
watershed. The stepsinvolved in developing aregiond flow duration relaionship are;

i.  Seect saverd gaging stations and dividethe discharge vaues of the flow duration relaionship
for each station by the respective Q, for that gage.

ii. Plottheseratioson alog-log graph. An example plotisshown in Figure 3, which isbased on
combined datafor 10 gaging stationsin watershedsin Mississppi used in the Demongtration
Eroson Control (DEC) Project (Watson et al., 1997). The regresson anayss was
performed assuming that dischargesless than 1% of the Q, and with aprobability of lessthan
1%, are morphologicaly inggnificant and may be ignored.

iii. A flow duration curve for any ungaged site may then be computed by substituting the

regiondized Q, for that site. Flow frequencies for sdlected discharge classes may then be
extracted from the flow duration curve for the ungaged Site.
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Figure3 Regiondized Discharge Index for DEC Watersheds, Mississippi (adapted from Watson et
al., 1997)

Watson et al. (1997) tested the accuracy of these approaches. They found that the average error
in bed materid sediment yields a al the ungaged Sites tested was only 2.8% when the method was used
to transfer a flow duration relationship within a watershed, and 5.5% when it was used to develop a
regiond flow duration rdationship.

SEDIMENT TRANSPORT DATA AND CALCULATIONS

Natur e of the Sediment L oad

The tota sediment load of a stream can be broken down on the basis of measurement method,
transport mechanism or source (Table 1). The transport of bed material |oad can be classified as bedload
dominant, mixed load or suspended load dominant on the basis of theratio of shear velocity to fal velocity
(Julien, 1995). If thisratio is less than about 0.4, bedload is dominant. Between about 0.4 and 2.5, bed
materia loads move as a mixture of bedload and suspended load. Above about 2.5, suspension is the
dominant transport mechanism. When discussing the sediment load of a stream, it is important to keep
track of the terminology adopted and the nature of the load being discussed.
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Table1 Classfication of the Tota Sediment Load

Measurement Method Trangport Mechanism Sediment Source
1) &) 3
Unmeasured Load Bed Load Bed Material Load
Measured Load Suspended Load Wash Load

Sediment Transport Data: Gaged Stes

In most dluvid sreams the mgor features of channd morphology are principaly formed in
sediments derived from the bed materid load. 1t is, therefore, the bed material load that should be used
in an effective discharge calculation. At gaged Sites the measured load usudly represents the suspended
load, but excludes the bed load. Under these circumstances, the coarse fraction of the measured load
(generdly the sand load - that is particles larger than 0.063 mm) should be used to derive a bed materia
load rating curve. If available, bed load data should be combined with the coarse fraction of the measured
load to derive abed materid load rating curve.

Where asignificant proportion of the bed materid |oad moves as bed |oad (such asin gravel-bed
rivers), but no measurements of bed load are available, it may be necessary to estimatethebed load. This
may be achieved using a suitable bed load transport equation or the SAM hydraulic design package
(Thomaset al., 1994). Similarly, at gaging stations with no measured sediment load data, abed material
sediment rating curve may be generated using appropriate sediment transport equations, or the SAM
package.

Sediment Transport Data: Ungaged Stes

At ungaged gtes it will be necessary to generate a bed materid sediment rating curve. The
goplication of a suitable sediment trangport equation is vita and the SAM package is helpful because it
includes guidance on the sdection of equations best-suited to the type of river and bed materia in question
(Raphelt, 1990). For example, Watson et al. (1997) report an andyss of sediment discharge in Abiaca
Creek in the Y azoo Basin usng a HEC-2 computation of the hydraulic characteristics and the Brownlie
(1981) sediment trangport equation from SAM. Figure 4 showsthe resulting sediment rating curve together
with the measured sand fraction and a rating curve based on regression of the measured data. Close
agreement is apparent between the Brownlie computation of the bed materia load and the regresson line
based on the observed USGS sand fraction data.
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Figure4  Comparison of Sediment Relationships for a Gage Site on Abiaca Creek, Mississippi
(adapted from Watson et al., 1997)

COMPUTATIONAL PROCEDURE
Overview

The recommended procedure to determine the effective discharge is executed in three steps. In
Step 1, the flow frequency distribution is derived from available flow duration data (Figure 5). In Step 2,
sediment data are used to construct a bed materia load rating curve (Figure 6). In Step 3, the flow
frequency digtribution and bed materid load rating curve are combined to produce a sediment load
histogram (Figure 7), which displays sediment load as afunction of dischargefor the period of record. The
histogram peek indicates the effective discharge.
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Step 1 - Flow Frequency Distribution

1) Evauate Flow Record

The flow record is a historic record of discharges a a gaging sation. The record from a single
gaging station can be used to develop the flow frequency digributionif the gageisin close proximity tothe
study siteand the discharge record at the gageis representative of theflow regimethere. If agaging record
is either unavailable or unrepresentative, the flow frequency didtribution can be derived using ether the
basin-area or regionaized duration curve method.

2) Check the Period of Record

It is recommended that the length of period of record be at least 10 years and that measurements
be continuous to the present day. Discharge datacan still be used if there are short gapsin therecord, but
caution must be exercised when collecting data from a discontinuous record. The flow frequency curve
will not be representative of the natura sequence of flows over the medium term if the length of record is
lessthan 10 years or if the record has been influenced by changes in the watershed runoff regime. If this
isthe case, aflow duration curve should be devel oped using either the basin-areaor regionaized duration
curve method.

3) Determinethe Discharge-Averaging Time Base

To congruct the flow frequency distribution, the time base should be sufficiently short to ensure that
short-duration, high magnitude events are properly represented. If 15-minute data are unavailable, then
either 1-hour or mean daily data can be used, but caution must be exercised when usng mean daily data
to develop a flow frequency digtribution for a stream which exhibits a flashy regime.

4) Cdculate Discharge Range

Therangeof dischargesis cdculated by subtracting the minimum dischargein theflow record from
the maximum discharge.

5) Cdculate Discharge Class Interval

Itisrecommended thet theinitia attempt to congtruct the flow frequency didtribution should use 25,
aithmetic dassintervals. Therefore, the dassinterva isthedischarge range, calculated in Step (4), divided
by 25. The dassinterval should not be approximated by rounding. The relative proportions of the bed
materia load moving in suspension and as bed |oad should be estimated during Site reconnaissance. For
riversin which the bed materia |oad moves predominantly as suspended load, thefirst discharge classgoes
fromzerototheclassintervd, the second classis determined by adding the classinterval to the upper vaue
of the previous class, and so on until the upper limit of the discharge range is reached.  For gravel-bed
rivers, where bed materia load moves predominantly as bed load, the minimum discharge used in
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generding the flow frequency distribution should be set equd to the criticdl discharge for the initiation of
bed load transport.

6) Cdculate How Frequency Didribution

The frequency of occurrence for each discharge classis determined from the record of observed
flows Thefrequency units should reflect thetime basein theflow record. For example, if mean daily flows
have been used then the frequency is expressed in days. If a regiond flow duration curve has been
developed for an ungaged Site, then the frequency for each discharge class must be calculated using the
equationfor the curve, which isusudly apower function. Thiscan be achieved by ca culating the geometric
mean discharge of each discharge class and deriving the frequency from the equation of the curve.

7) Check For Extreme Flow Events

It is recommended that dl discharge classes digplay flow frequencies greater than zero and that
there are no isolated pesksin individua classes at the high end of the range of observed discharges. If this
is not the case, it islikdy that ether the classinterva istoo small for the discharge range, or the period of
record is too short. Both zero frequencies and extreme flow events (outliers), can be eradicated by
reducing the number of classes or usng logarithmic class intervas, as described in the later section on
Evauation and Troubleshooting, but noting the cautions in each case. In ether case, Steps 5 and 6 are
repested to generate the flow frequency digtribution for the new classintervas.

Step 2 - Bed Material Load Rating Curve

1) Determine Sediment Data Availability

Sediment transport data are required to generate the bed materid load rating curve. These data
may be obtained from measurements at agaging sation if the gageisin close proximity to the sudy steand
the sediment record at the gageisrepresentative of the sediment load there. Otherwise, sediment transport
data must be derived for the study ste.

2) Define Composition of Bed Materid Load

Itisrecommended that wash load (generaly defined as particles |ess than 0.063 mm) be excluded
from the data set used to develop the sediment rating curve. If the bed materia |oad moves both as bed
load and suspended load, then bed |oad and suspended |oad measurements are required to determine the
bed materid load. If measured load data are insufficient, gppropriate equations in a hydraulic design
package, for example SAM (Thomeaset al., 1994), can be used to generate bed materia loadsfor selected
discharges.
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3) Pot Bed Materia Load Data

The bed materid load (y-axis) is plotted as afunction of discharge (x-axis) in ascattergraph, with
both axes on logarithmic scaes, carefully matching the units of sediment load to the time base for the
discharge frequency distribution.

4) Determine Sediment Rating Curve

A power function best-fit regression line should befitted to the datain the scatter graph to produce
abed materid load function of the form:

Qs=aQ” (1)
where, Q, = bed materia load discharge, Q = water discharge, a=regression constant, and b = regression

coefficient.

Step 3 - Bed Material Load Histogram

1) Cdculate Representative Discharges

The discharges used to generate the bed materia |oad histogram are the mean dischargesin each
class of the flow frequency digtribution. If discharge class intervals are arithmetic, the representative
discharges are the arithmetic means of each class. If the discharge class intervas are logarithmic, the
representative discharges are the geometric means of each class.

2) Condruct the Bed Materia Load Histogram

The bed materid transport rate for each discharge class is found from the rating curve equation.
Thisload ismultiplied by the frequency of occurrence of that discharge classto find the total amount of bed
materia transported by that discharge class during the period of record. Care should be taken to ensure
that the time units in the bed materid load rating equation are consstent with the frequency units for the
digribution of flows. The results are plotted as a hisgogram.

3) Find the Effective Discharge

The bed materid |oad histogram should display acontinuous distribution with asingle mode (pesk).
If thisisthe case, the effective discharge corresponds to the mean discharge for the moda class (that isthe
peak of the histogram). If the modd class cannot be reedily identified, the effective discharge can be
estimated by drawing asmooth curve through the tops of the histogram bars and interpolating the effective
discharge from the peak of the curve.
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EVALUATION AND TROUBLESHOOTING

Derivation of an effective discharge is not a routine exercise and it is vitd that a the end of the
procedure, the output is evaluated to ensure that the caculated effective discharge is a reasonable vaue
for the project river at the udy Ste.  This section of the paper presents a series of eval uationsthat should
aways be performed as part of qudity assurancein deriving an effective discharge, together with guidance
on troubleshooting some of the more common problems.

Problemswith L owest Discharge Class

Whenasdgnificant proportion of the recorded dischargesfdl withinthefirg arithmetic classinterva
of the flow frequency distribution, the range of dischargesis inadequately represented and it is likely thet
the computed effective discharge will be sgnificantly underestimated. In practice, thisis likely to be the
case for dreamsthat display ahighly skewed distribution of flow events, for example, riversin semi-arid
environments, channdized streams, or incised channels. Under these circumdtances, it isadvisableto modify
the flow frequency distribution to better represent the range of low discharges, using one of the two
approaches outlined below.

Use Logarithmic-Scale Class Intervals

The firg solution is to replace the arithmetic class intervas with logarithmic ones. For example,
Watson et al. (1997) demonstrated that this was the preferred solution for Hotopha Creek in the Y azoo
Basn, Missssppi. Inthisexample, approximately 97% of the recorded dischargesfdl within the lowest,
aithmetic dassinterval. Thisresulted in acomputed effective discharge of 8 m®/s, which wasknown from
experience to be too low aflow to have any morphologica significance. When logarithmic class intervas
were adopted, the smaller flow eventswere distributed between severa classesand the effective discharge
was found to be 234 m’s* which was identified as amorphologicaly significant flow.

Use of logarithmic classintervals solves problems at the low end of the discharge range, but care
should be exercised because large flow eventsare grouped into afew, very large classintervds, which may
result in inadequate precison if the effective discharge is found to be at the high end of the range.

Sub-divide the Lowest Class

An dternative solution isto subdivide the lowest discharge classinto anumber of equa sub-classes
to ensure that the discharge events within each sub-class are more normdly distributed. This will aso
addressany problemsrelating to bed |oad trangport, since flows bel ow the threshold dischargefor transport
will be discounted. After completing thisexercise, thetota bed materia load transported within the lowest
discharge class should be found by summing the sediment loads for the subdivisions, to facilitate plotting
of the bed materia load histogram.
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The effectiveness of thiscorrection can beillustrated by referenceto effective discharge cdculations
for stationsat Marmarth and at Medoraon the Little Missouri River reported by Hey (1997). Initidly, the
effective discharge was in the lowest class interva at both sites with vaues of 16.5 and 22.8 nis?,
repectively. However, following sub-divison of the lowest class, the effective discharge at each dte
corresponded to bankfull flow, with values of 68 and 90 m’s?, respectively.

Problemswith Outliers

Discharge records, especidly those based on mean daily vaues, can contain digtinct gapsin the
higher discharge categories due to the averaging process. Thisis particularly likely on rivers with flashy
hydrographs or if there has been an extremely large flood event during arelaivey short period of record.
The use of arithmetic discharge classintervas can produce a discontinuous flow frequency digtribution thet,
inturn, generates an irregular bed materid load histogram with outliersthat reflect the transport associated
withindividua flood events. The danger isthat the wrong peak may be sdected to represent the modal
class, leading to serious overestimation of the effective discharge. Under these circumstances, itisadvisable
to modify the flow frequency didtribution using one of the two approaches outlined below.

Reduce the Number of Class Intervals

Outliers are readily agpparent when using arithmetic class intervas through the presence of gaps
inthe bed material |oad histogram and excessively proportions of the load being transported in anisolated,
high discharge class. They can be removed by increasing the class interva and reducing the number of
classes to reduce the number of discharge classes with zero bed materid 1oad and smooth the histogram.
For example, Hey (1997) reported that use of 40 class intervals for the White River upstream of Mud
Mountain Dam, resulted in an effective discharge that was unredligticaly high (387 mfs!). Reducing the
number of classesto 25, resulted in an effective discharge of 81 m*s?, which corresponded to bankfull flow
(Hey, 1997).

Use Logarithmic Class Intervals

Reducing the number of classes while maintaining an acceptable arithmetic classinterva does not
adways diminated| zeroflow frequencies. Inthiscase, the option of usng logarithmic dassintervasshould
be consdered, asthiswill amost certainly solve the problem.
Checking the Effective Discharge

Guidance on Return Periods for the Effective Discharge

Return periodsfor effective discharges are expected to vary between study sites depending on the
flow and sediment transport regime of theindividua river or reach. For Steswhere annua maximum series

flood flow data are available, the return period of the caculated effective discharge may be checked to
ensure that it lies within acceptable bounds.  Unfortunately, there is very limited information available
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regarding the return period of the effective discharge for sablerivers. Experienceindicatesthat it liesusudly
within the range of 1.01 and 3 years, with a preponderance between 1.01 - 1.2 years, irrespective of the
type of river (Hey, 1994, 1997). On this basis, effective discharges with return periods outside the range
of gpproximately 1 to 3 years should be queried.

Basin Area - Flow Duration Curve

The percentage of the timethat the effective dischargeisequaled or exceeded should be compared
to the expected range of vaues reported in the literature. For example, Figure 8 presents alog-log plot
of theflow duration of effective discharge asafunction of drainage areafor severd U.S. rivers (Andrews,
1980, 1984; Biedenharn et al., 1987). The graph can be used to assess whether the duration of the
effective discharge computed using the method described in this paper is cons stent with the results of other
sudies. Itisnot intended that this graph be used to predict effective discharge as a function of drainage
areq, aslarge errors are likely to result from this gpplication.

Check Effective Discharge against Bankfull Discharge

The effective discharge should be compared to the bankfull discharge. Thiscan be accomplished
by identifying the bankfull stage during stream reconnai ssance and cal culating the correponding discharge
using an available stage-discharge curve or the dope-area method. For naturaly stable channelsthat are
in regime, the effective and bankfull discharges should coincide. If the effective discharge is subgtantidly
different to the bankfull discharge, the results should be queried.

EXAMPLE: EFFECTIVE DISCHARGE CALCULATION FOR THE MISSISS PPl RIVER
AT VICKSBURG

Flow Frequency Digribution

Discharge datawere obtained from the Vicksburg gage for the period 1950 to 1982. This period
of record was sdlected as it encompasses the period when sediment |oads were routinely measured at the
gaging dation. The record contains awide digtribution of flows including both low and high runoff years
and with discharges ranging from about 4,200 to just over 56,600 m*s?. Onthisvery largeriver, mean daily
dischargesdo not differ sgnificantly from instantaneous discharges and so the use of mean daily vaueswas
acceptable in the production of the flow frequency didtribution (Figure 9).

Bed Material Load Rating Curve
Sediment transport data were aso obtained from the Vicksburg gaging station. The period of

record is 1969 to 1979, as this was the only period for which measured sediment transport records were
avalable. On average, sediment load was measured weekly. Robbins (1977) provides a detailed
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Figure9  How Duration Curve for Mean Dally Discharge: Lower Missssppi River a
Vicksburg, 1950-1982 (adapted from Biedenharn and Thorne, 1994)

description of the sediment measurement program on the lower Mississippi. The period of sediment
records includes both low runoff years and severd events of high magnitude and long duration, so that the
full range of sediment trangporting flows is represented in the measured data.

The measured sediment loads were divided into two components: 1) silt load conssting of particles
lessthan 0.062 mm, and; 2) sand load consisting of particles coarser than 0.062 mm. The bed of the lower
Missssppi River isformed in sand and so the sand fraction of the measured |oad was taken to represent
the bed materid load. Thesltload wastaken to represent “wash load” for thelower Mississppi and was
excluded from the andyss.

There are no measurements of bed load for the lower Mississippi River, but according to the
caculations of Toffaleti (1968) the bed load comprises less than 5% of the totd sand load. Hence, it was
deemed to be acceptable to ignore the bed load and to take the measured sand load as indicative of the
bed materiad load. The measured sand load data were used to construct a sand load rating curve for the
sudy ste (Figure 10). Regression andysisof sand load asafunction of discharge produced a coefficient
of determination, r?, of 0.82 and defined the bed materia load rating curve as:
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Q. = 0.00000513 Q2“2 2)

where: Q. = sand load (tons day!), and Q = mean daily discharge (m°s?).
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Figure10 Sand Load Rating Curve: Lower Missssppi River a
Vicksburg for 1969-1979 (adapted from Biedenharn
and Thorne, 1994).

Bed Material Load Histogram

The datain the flow duration curve were divided into 50 equa classes ranging from 5 to 55,000
ms? and with adlass widthof 1,000 m®s®. The bed materia transport rate for each discharge class (Q.)
was found from Eq. (2), with Q equa to the arithmetic mean discharge for that class. The quantity of bed
materid load (in tons) transported by each discharge class was cdculated by multiplying the frequency of

each class (in days) by the bed materia transport rate for the average discharge (in tons day?). The
resultant histogram is plotted in Figure 11.

Effective Dischar ge Deter mination

The pesk of the histogram in Figure 11 isdefined by the mean discharge of themodd class, which
is 30,000 ns?. This defines the effective discharge.

Check if Effective Dischar ge is Reasonable
In Biedenharn and Thorne' s (1994) study, the effective discharge cd culation was also performed

for gaging Sations at Arkansas City (upstream of Vicksburg) and Natchez (downstream of Vicksburg).
No mgor tributaries enter the Mississppi between these stations. Hence, it would be expected that the
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Figure1ll Bed Materid Load Histogram: Lower Missssppi River a Vicksburg
(adapted from Biedenharn and Thorne, 1994).

effective discharge should be the same at dl three Sites. Thiswasin fact the casg, illugtrating consstency
in the effective discharge andysis usng three separate flow duration and sediment trangport records.

Comparison of the water surface profile at the effective discharge (30,000 n¥s?) to the long-
channd digtribution of bank top eevations isillugtrated in Figure 12. The graph shows that bank top
eevations are highly variable and can differ by 3 m or more between adjacent cross-sections. Thismakes
it difficult to assign avaueto bankfull discharge for the reach. However, comparison of the water surface
profile for the effective discharge to the bank top data indicates that the effective discharge forms avery
good lower bound to the scatter, indicating that the capacity of the channel isadjusted just to contain flows
up to and indluding the effective flow. As discharge increases beyond the effective flow, water beginsto
spill over the bank tops at more and more locations. The return period for the effective discharge (equa
to or just less than one year) is consstent with the usual range of 1 to 3 years, and its flow duration
(equalled or exceeded 13% of the time) is as expected for ariver with a drainage area of approximately
3 million kn? (see Figure 8). These checks indicate that the calculated effective discharge is very
reasonable and they support the accuracy of theandysis, including the necessary assumptions concerning
the use of measured sand load to represent the bed materid load.
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Figure12  Long-channd Varigion in Bank Top Elevations. Lower Mississppi in
Study Reach (adapted from Biedenharn and Thorne, 1994).

APPLICATIONS
Application 1: Engineering-geomor phic Study of the River Blackwater, UK

The need for morphologicd studies to support sustainable engineering and management of rivers
is now generally accepted (Gardiner, 1991, Downs and Thorne, 1996). Calculation of the effective
discharge and gpplication of the principles of hydraulic geometry andyss can be useful in developing a
sound understanding of the morphologica status and gtability of an dluvid stream, as a component in an
engineering-geomorphic study. The utility of thisapproach can beillustrated using acase sudy of the River
Blackwater, UK. The study isreported in detail in areport by Walingford (1992) and summarized in a
paper by Thorne et al. (1996).

The River Blackwater is a lowland stream in southeast England. In the 1960s and 1970s the

channel was modified by engineering worksingaled as part of aseries of flood defence and land drainage
schemes. Subsequently, the channd required a heavy maintenance regime to maintain a sufficient capacity
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for flood flows. More recently, steps have been taken under the Blackwater Catchment Plan to improve
stream habitats by softening the impacts of engineering works, modifying the maintenance regime, and
enhancing the channd environmen.

Under plans to restore the environmenta function of the river, a geomorphologicd study was
performed to establish how the exigting, engineered channd differed morphologicaly from anaturd, regime
channd. An effective discharge ca culation was performed using data from anearby gaging station and the
“expected” morphology for anaturd, regime channd was established by gpplying the hydraulic geometry
equations of Hey and Thorne (1986). Stream reconnai ssance was performed to establish the morphology
and bankfull dimensions of the exigting, engineered channd using the method reported by Thorne (1998).

The effective discharge cal cul ation showed that the dominant discharge was 3.65 m®s?, compared
to abankfull capacity observed in the current channd of 16.4 ns®. The main morphological parameters
caculated and observed are listed in Table 2. Contrasts between the regime and engineered channel
parameters were used to support the conclusion that the engineered channd was over-largein width, depth,
and cross-sectional area, and that in-channd velocities were insufficient to transport the sediment load
supplied from upstream. Thisexplained itstendency for Sltation and requirement for frequent maintenance.
On the bass of the geomorphologica assessment, initid recommendations were proposed for
morphologica restoration of the channd to support the enhanced river environment envisaged in the
cachment plan. It was further proposed that the viability of these initid recommendations should be
examined further to determine their feasibility for a restoration project.

Table 2 Regime and Engineered Morphology of the River Blackwater, UK

Channd Parameter Regime Channd Engineered Channd
@) &) 3
Width (m) 6.3 12
Depth (m) 0.58 1
X-section area (n") 3.7 12
Mean velocity (ms™?) 1.0 0.3

In this gpplication, the effective discharge was found to be the key to deriving vaues for the
dimensions of anatura, regime channe appropriate to the current flow regime. This information was
useful in highlighting the problems with the engineered channd and it indicated the starting point for
detailed design of arestored channel.
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Application 2: Channel Stability Assessment Using the SAM Hydraulic Package

Abiaca Creek, Missssippi has been monitored for five years as part of the DEC Monitoring
Project by the U.S. Army Corps of Engineers Vicksourg Didtrict and Waterways Experiment Station.
Based on observations of the thaweg profiles and channd morphology for this period, Watson et al.
(1996) concluded that a study site (Site No. 6) on Abiaca Creek was in dynamic equilibrium. Datafrom
this ste were used by Watson et al. (1997) to develop a stable channdl design procedure for sand-bed
streams based on the minimum-dope extremd hypothess (Chang, 1979).

The design procedure was developed and tested using hydrologicd and effective discharge data
generated using the SAM hydraulic design package (Thomaset al., 1994) and HEC-6T (Thomas, 1996).
SAM was gpplied to generate aseries of 21 combinations of width, depth, and dopethat satisfy water and
sediment continuity for a given flow and sediment concentration. The morphology corresponding to the
minimum dope was selected from the 21 combinations as the preferred stable channel design. The flow
used in these computations wasthe effective discharge, ca culated using the procedure presented here, with
logarithmic classintervas.

15-minute dischargesfor acomplete hydrologica year were smulated for the preferred designand
9 of the other 20 dternative morphologies. For each condition, HEC-6T, a 1-D sediment routing mode,
was used to Smulate expected changesto theinitial channel geometry. Of the ten morphol ogiestested, the
preferred design (based on the minimum-dope condition), resulted in the smdlest change in channel dope
(0.24%) and generated no changein bed devation. Onthisbass, it was selected asthe most stable design.

In this gpplication, the effective discharge was found to provide a reasonabl e representation of the
range of flows actually experienced by the stream, for the purpose of stable channd design.

Application 3: River Restoration Design

Determination of effective dischargeisan initid step in the Waterways Experiment Station (WES)
best practice hydraulic design procedure for restoring channels. The preferred cross-sectional geometry
is a compound configuration composed of aprimary channd, designed to carry the effective or *channd
forming’ discharge, and an overbank area designed to carry the additional flow for a specific flood
discharge. The effective discharge is caculated during a geomorphic assessment thet is undertaken at a
stable location upstream of the project reach. This ensures that the restored channd design will transport
the sediment load from upsiream with minimal net aggradation or degradation in the medium term. The
procedure then equates the target bankfull discharge for the primary channel in the restored reach to the
effective discharge.

Hydraulic geometry relationships appropriate to the type of channd are gpplied to determine a

range of possible stable bankfull widths asafunction of effective discharge within user-defined confidence
limits (Soar et al., 1998). A sdected width, within the confidence band, is then used, together with the
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sediment |oad transported by the effective discharge, to determine a stable water surface dope and mean
cross-sectiona depth.  This computation is accomplished using the SAM hydraulic design package
(Thomeas et al., 1994), through ssimultaneous solution of Brownli€'s equations for bed materia load
trangport and flow resistance. Design dimensionsarereach-average vauesfor atrgpezoida channd shape
and they may then bemodified to account for loca variability in cross-sectiona form between, for example,
crossings and bendways in a meandering stream.

In this gpplication, the effective dischargeisrequired to enter the SAM package for stable channel
desgn. Hence, an accurate and reliable effective discharge calculation is an essentid precursor to
gpplication of the SAM package in channd restoration design.
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APPENDIX |I. GLOSSARY

1.58-Year Return Period Discharge (Q; 5) - Thedischargewith areturn period of 1.58 years, derived
from the observed annua maximum flow series. Reaults of research on the use of Q, 5 in dominant
discharge analysis are reported by Hey (1975) for the UK and Leopold et al. (1964) for the USA.

2-Year Return Period Discharge (Q,) - The discharge with areturn period of 2 years, derived from
the obsarved annua maximum flow series. Results of research on the use of Q, in American rivers are
reported by Biedenharn et al. (1987).

Bankfull Discharge (Q,) - The maximum dischar ge which can be contained within the channd without
over-topping the banks. Leopoldet al. (1964) proposed that it isthisflow which isrespongblefor forming
and maintaining the morphology of the channd. Bankfull stage refersto the water surface eevation during
bankfull flow and can be identified from various criteria (Williams, 1978). Research papers reporting the
use of Q, include: Leopold and Wolman (1957), and Andrews (1979) in the USA; and Charlton et al.
(1978), and Hey and Thorne (1986) in the UK.

Bed Load - A component of thetotal sediment load made up of sediment particles moving in frequent,
successive contact with the bed (Bagnold, 1966). Transport occursat or near the bed, with the submerged
weight of particles supported by the bed. Bed load movement takes place by gravitational processes of
rolling, diding or sdtation.

Bed Material Load - A portion of thetotal sediment load compaosed of grain sizesfound in gppreciable
quantitiesin the stream bed. In gravel-bed riversthe bed materid |oad moves asbed load, but in sand-bed
streams significant quantities of bed materid load move as suspended load.

Channel Forming Discharge - The discharge tha mog efficiently drives the fluvid processes
responsible for forming and maintaining the main morphologica feetures and dimensions of the channd.
Synonymouswith dominant discharge.

Design Discharge - The steady discharge used in the engineering design of a stable channd or flood
defence scheme to define the upper boundary of the operating range of discharges for the project.

Discharge - The volume of water passing through a cross-section in astream per unit time. It is usudly
expressed in cubic metres or cubic feet per second.
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Dominant Discharge (Qgom) - The single, steady discharge which would produce the same cross-
sectiona morphology, aluvid features, planform geometry, and dimensions asthose generated by the actud
flow regime (Inglis, 1949).

Effective Discharge (Q.) - Discharge class responsble for transporting the largest fraction of the bed
materia load in a gable channd over aperiod of years (Andrews, 1980, pp. 311). Defined by the peak
in a histogram of bed materia load (tons) versus discharge (cumecs) developed using the principles of
magnitude and frequency analysis (Wolman and Miller, 1960).

Ephemeral Stream - Watercourse in which channd processes and morphology are Sgnificantly affected
by the fact that the discharge of water is intermittent. To be comparable with the definition of aperennial
stream, this may be taken asawater course which exhibits ameasurable surface discharge less than 80%
of the time (Osterkamp and Hedman, 1982).

FineMaterial Load - A portion of thetotal sediment |oad composed of particlesfiner than thosefound
in the stream bed, and usudly the fraction finer than 0.062 mm. Often synonymous with wash load.

Flow Doing Most Work - A steady discharge which performsthe most geomorphic work, wherework
is defined in terms of sediment transport (Wolman and Miller, 1960).

Flow Duration Curve - A graphica representation of the percent of time (x-axis) that a specific
discharge (y-axis) isequaled or exceeded during the period of record for which the curve was devel oped.

Hydraulic Geometry - A geomorphic expression introduced by Leopold and Maddock (1953) to
describe the morphology of an dluvid river asafunction of dominant discharge. The concept issmilar to
regime theory, but differsin the way that the dominant discharge is expressed. With respect to the
hydraulic geometry of an dluvid river, the dominant discharge is the sngle flow event which is
representative of the natural sequence of events which actually occur. Regime theory was devel oped for
cands, which do not experience arange of flows. Hence, the dominant discharge for regime theory is
the steady, operating discharge.

Mean Annual Discharge (Q,.) - Y early-averaged discharge. Papersreporting researchinvolving Q,
include: Carlston (1965, 1969); Dury (1964); Leopold and Maddock (1953); Schumm (1971).

Mean Annual Flood (Q,33) - Discharge corresponding to the probability of exceedance of the mean
annua flood event in a Gumbe extreme vaue type 1 probability distribution (EV1) derived from the
observed annua maximum flow series. This event has arecurrence interva of 2.33 years. Papers
reporting research involving Q, 55 include Brush (1961) and Ferguson (1973).

Measured Load - A portion of the total sediment load measured by conventional suspended load

samplers. Includes alarge proportion of the suspended load but excludes that portion of the suspended
load moving very near the bed (that is, below the sampler nozzle) and dl of the bed load.
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Mogt Probable Annual Flood (Q; sg) - The discharge corresponding to the probability of exceedance
of themoda annua flood event in aGumbe extremevauetype 1 (EV 1) derived from the observed annua
maximum flow series. This event has a recurrence interval of 1.58 years. Papers reporting research
invalving Q, sg include Woodyer (1968) and Dury (1973).

Perennial Stream - A stream which exhibits a measurable surface discharge more than 80%of the time
(Osterkamp and Hedman, 1982).

Regime Theory - A sdf-formed dluvid channd is in regime if there are no net changes in discharge
capacity or morphology over a period of years. The concept was originally developed by engineers
designing cands to convey a steady discharge with neither erosion or dltation in India and Pakistan
(Kennedy, 1895; Lindley, 1919) and, later in North America (Blench, 1957).

Sediment Concentration - Concentration of sediment in the stream represented by theratio of sediment
discharge to the water discharge. Usudly expressed in terms of milligrams per litre or parts per million
(ppm). It isnormally assumed that the dengity of the water-sediment mixture is gpproximately equivaent
to the dengity of the water.

Sediment Discharge - Mass of sediment that passes through a cross-section in a stream per unit time.
Usudly expressed in kilograms per second or tons per day.

Sediment Rating Curve - Graphicd representation of the non-linear relationship between discharge (x-
axis) and sediment discharge (y-axis).

Suspended Bed Material Load - A portion of the bed materid load that is trangported in suspension
within the water column.

Suspended Load - A component of the total sediment load made up of sediment particles moving in
continuous suspension within the water column. Trangport occurs above the bed, with the submerged
weight of particles supported by anisotropic turbulence within the body of the flowing water.

Total Sediment Load - Tota mass of granular sediment transported by the stream.

Unmeasured Load - A portion of the total sediment load that passes beneath the nozzle of a
conventiona suspended load sampler, by near-bed suspension and as bed load.

Wash Load - A portion of the total sediment load composed of grain Szes finer than those found in
appreciable quantities in the stream bed. In sand-bed streams wash load moves as suspended |oad, but
in boulder-bed riversthe wash |oad may include gravel which movesasbed |oad. Thesum of bed material
load and wash load makes up the total sediment load.
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